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ABSTRACT 
The program ob jec t ive  i s  t o  inves t iga t e  t h e  deformation processes  
involved i n  t h e  forg ing  of r e f r ac to ry  ceramic oxides.  A c m b i n a t i o n  of 
mechanical t e s t i n g  and forg ing  i s  being u t i l i z e d  t o  i n v e s t i g a t e  both t h e  
flow and f r a c t u r e  processes  involved. 
Deformation s t u d i e s  of very f i n e  g r a i n  A1203 revealed an  apparent  
t r a n s i t i o n  i n  behavior,  charac te r ized  by a s h i f t  i n  t h e  s t r a i n  rate s e n s i t -  
i v i t y  from 0.5 a t  low stresses t o  near un i ty  a t  higher  stresses.  The 
behavior  i s  i n d i c a t i v e  of a s h i f t  i n  c o n t r o l  between two dependent mechanisms, 
one of which is  ind ica t ed  t o  be ca t ion  l i m i t e d  d i f f u s i o n a l  c reep  wi th  
s i g n i f i c a n t  boundary enhancement. 
i n d i c a t e d  by c rys t a l log raph ic  tex ture ,  i n t e r f a c e  c o n t r o l  of t h e  d i f f u s i o n a l  
c reep  and inhomogeneous boundary s l i d i n g  are a l s o  discussed.  Addi t iona l  
experiments i nd ica t ed  an  independence of deformation behavior  on MgO doping 
and r e t a i n e d  hot  p re s s ing  impur i t ies ,  a t  least  f o r  u l t r a f i n e  grained material, 
and a l s o  an  independence of t e s t  atmosphere. 
The poss ib l e  con t r ibu t ions  of s l i p ,  
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I. INTRODUCTION 
The ob jec t ive  of t h i s  program has been t o  i n v e s t i g a t e  t h e  f o r g a b i l i t y  of 
t h e  r e f r a c t o r y  oxides.  
t h e  r e l e v a n t  high temperature  deformation and f r a c t u r e  behavior  of t h e s e  
materials i n  order  t o  provide information and understanding which can be 
app l i ed  d i r e c t l y  t o  forg ing  problems. 
s tud ie s ,  a few forg ings  were done t o  supplement t h e  r e s u l t s .  
The approach taken  emphasized an  i n v e s t i g a t i o n  of 
I n  a d d i t i o n  t o  mechanical p rope r t i e s  
The r e p o r t  f o r  t h e  f i r s t  year  included reviews of t h e  repor ted  work on 
t h e  high temperature mechanical behavior of t h e  oxides,  inc luding  hot working 
e f f o r t s  w i th  t h e s e  materials.’ 
i d e n t i f i e d  f o r  primary inves t iga t ion .  These were f i n e  grained alumina, doped 
t o  i n h i b i t  g r a i n  growth, and magnesia. For alumina, r e t e n t i o n  of a r e l a t i v e l y  
f i n e  g r a i n  s i z e  i s  important even a t  very  high temperatures i n  order  t o  
obta&,n adequate d u c t i l i t y .  For po lyc rys t a l l i ne  magnesia a t  temperatures of 
2100 C or above, adequate d u c t i l i t y  from s l i p  processes  w a s  i nd ica t ed  as 
probable.  
On t h e  b a s i s  of t h i s  study, two systems were 
During t h e  f i r s t  year ,  extensive mechanical t e s t i n g  of f i n e  grained 
alumina w a s  performed t o  c l a r i f y  the con t r ibu t ing  deformation mechanisms 
a t  ve ry  f i n e  g r a i n  sizes,  t o  provide f u r t h e r  d a t a  on f l o w  stresses f o r  use  
i n  forg ing ,  and t o  i n d i c a t e  t h e  or ig ins  of cracking and c a v i t a t i o n  a t  g r a i n  
boundaries.  I n  addi t ion ,  a f e w  forgings were done t o  c o r r e l a t e  with t h e  
mechanical t e s t  r e s u l t s ;  t h e s e  provided p a r t i c u l a r l y  va luable  mic ros t ruc tu ra l  
information. 
Considerable evidence w a s  found f o r  i nc reas ing  con t r ibu t ions  of non- 
Newtonian deformation processes,  including g r a i n  boundary s l i d i n g  and d i s loca -  
t i o n  motion, f o r  g r a i n  s i z e s  belaw 5 ~ .  Considerable capac i ty  f o r  deformation 
w a s  a l s o  demonstrated al though severa l  causes of cracking w e r e  ind ica ted .  
For most of t h e  f l e x u r a l  t e s t s  and the  forg ings ,  t h e  l i m i t i n g  cracks 
occurred a t  de fec t ive  areas i n  t h e  specimens which included coarse grained 
patches,  pore n e s t s  and reg ions  of impuri ty  concentrat ion.  I n  addi t ion ,  
c a v i t a t i o n  a t  g r a i n  boundaries a l s o  develops and presumably would be t h e  
l i m i t i n g  f e a t u r e  i f  t h e  de fec t ive  regions were e l imina ted  i n  t h e  specimens. 
The appearance and growth of cracks was shown t o  be fas te r  a t  higher  s t r a i n  
rates wi th  t h e  a s s o c i a t e d  higher  stresses. 
During t h e  p a s t  year  on another  program’ sane valuable  comparative d a t a  
were obtained on t h e  deformation behavior of a higher  p u r i t y  alumina. This  
material, which had been s p e c i a l l y  made, had a g r a i n  s i z e  of 1.2 which 
made it almost i d e n t i c a l  t o  t h e  c126c alumina t e s t e d  during t h e  f i r s t  year  
of t h e  present  program except  t h a t  it had a somewhat lower t o t a l  impuri ty  
conten t  and w a s  no t  doped wi th  0.25$ MgO as w a s  t h a t  t e s t e d  on t h i s  program. 
The r e s u l t s  were extremely i n t e r e s t i n g  i n  t h a t  t h e  high p u r i t y  m a t e r i a l  had 
n e a r l y  comparable flow stresses t o  t h e  c126c data where comparable t e s t  
condi t ions  ex i s t ed ,  b u t  t h e  high pur i ty  material exh ib i t ed  gene ra l ly  higher  
va lues  of rate s e n s i t i v i t y  wi th  m values between 0.77 and 0.93 i n  t h e  range 
of 1 2 2 8 - 1 4 0 0 ~ ~  compared t o  values  of 0.65 t o  0.71 f o r  t h e  c126c specimens. 
The second important d i f f e rence  was t h a t  higher  f l o w  stresses could be 
achieved before  specimen fracture became a l i m i t i n g  feature.  
During t h e  present  year,  add i t iona l  s t r e s s - s t r a i n  rate tes t s  were 
performed on t h e  hot  pressed  A 1 2 0 3  + 5 MgO material over an  extended range 
of temperature  and s t r a i n  rate t o  compare wi th  t h e  high p u r i t y  specimens. 
The combined r e s u l t s  suggest  a change i n  c o n t r o l l i n g  deformation mechanism 
a t  low s t r a i n  rates. I n  add i t ion ,  tests were cond c t e d  i n  a i r  on s e v e r a l  
d i f f e r e n t  A1203 specimens t o  cmpare  wi th  previous' t es t s  i n  argon i n  an 
a t tempt  t o  r e so lve  an  apparent  e f f e c t  of e i t h e r  specimen p u r i t y  or t e s t  
atmosphere on flow s t r e s s .  F ina l ly ,  during t h i s  year  some a d d i t i o n a l  
hemisphere forg ings  were at tempted a s  w e l l  as some simple compression forg-  
ings  t o  ob ta in  h ighly  s t r a i n e d  ma te r i a l  f o r  mic ros t ruc tu ra l  eva lua t ion .  
The determinat ion of atmosphere, impuri ty  o r  dopant e f f e c t s  on t h e  
deformation behavior  i s  of both t h e o r e t i c a l  and p r a c t i c a l  i n t e r e s t .  Both 
a l t e r v a l e n t  impur i t i e s  and atmosphere changes may be expected t o  change t h e  
d e f e c t  concent ra t ions  i n  A1203 e s p e c i a l l y  a t  t h e  r e l a t i v e l y  low temperatures 
a t  which t h e  f i n e  grained material can be deformed. Such changes can be 
expected t o  e f f e c t  both t h e  c a t i o n  and anion d i f f u s i v i t i e s  which should 
d i r e c t l y  a f f e c t  t h e  s t r a i n  r a t e  f o r  s e v e r a l  of t h e  deformation mechanisms 
thought  t o  be important f o r  f i n e  grained ceramics. I n  add i t ion ,  d i f f e rences  
i n  p u r i t y  can a l s o  apprec iab ly  change t h e  g r a i n  boundary chemistry by 
boundary segregat ion,  and t h e r e f o r e  may be important i n  g r a i n  boundary s l i d -  
ing.  F i n a l l y ,  l a t t i c e  impur i t i e s  can inf luence  d i s l o c a t i o n  motion by 
inc reas ing  t h e  l a t t i c e  drag  on d i s l o c a t i o n  g l ide .  
understanding of t h e  c o n t r o l l i n g  deformation mechanism i n  f i n e  grained 
A 1 2 0 3  may be ind ica t ed  by determination of atmosphere and impuri ty  or doping 
e f f e c t s  on t h e  deformation k i n e t i c s  and a c t i v a t i o n  energy. A s i g n i f i c a n t  
atmosphere e f f e c t  on s t r a i n  rate would be of p r a c t i c a l  importance i n  forging,  
where it i s  necessary t o  main ta in  s u f f i c i e n t l y  low stresses t o  prevent 
c a v i t a t i o n  and cracking, b u t  y e t  obtain s u f f i c i e n t  s t r a i n  rates t o  a l low 
f o r g i n g  i n  reasonable  times. 
A s  a r e s u l t ,  a c l e a r e r  
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11. RESULTS 
A.  S t r e s s - S t r a i n  Rate T e s t s  
Three d i f f e r e n t  batches of A 1 2 0 3  p lus  3 MgO were t e s t e d  i n  f l e x u r e  
A s i g n i f i c a n t  number of t e s t s  t o  determine t h e  s t r e s s - s t r a i n  rate behavior.  
vlere done wi th  an  a d d i t i o n a l  group of ho t  pressed, 1 . 2 ~ *  g r a i n  s i z e ,  99.8% 
dense specimens, which were taken  from t h e  same b i l l e t  as t h e  c126c specimens 
p rev ious ly  tes ted . '  
0 . 3 ~  grade alumina powder w i t h  an  a d d i t i o n  of 5 MgO f o r  g r a i n  growth 
i n h i b i t i o n  during press ing  and t e s t i n g .  
for a higher  p u r i t y  A1203 w i l l  be presented f o r  comparison. 
A120 
equiaxed micros t ruc ture .  The high p u r i t y  specimens had been found t o  have 
about  80 ppm t o t a l  c a t i o n  impuri ty  and about 220 ppm anion and carbon 
impuri ty  before  t e s t i n g ;  after t e s t i n g  t h e  anion and carbon impuri ty  w a s  
reduced t o  about 40 ppm and t h e  ca t ion  impuri ty  level w a s  e s s e n t i a l l y  
unchanged.2 
s i m i l a r  grades would be expected t o  have 2 t o  3 t i m e s  as high a c a t i o n  
impur i ty  l e v e l ,  and perhaps higher  anion and carbon impuri ty  levels. 
Extensive tes ts  a l s o  were conducted i n  argon over t h e  temperature range 
1192' - 149O0C; some a d d i t i o n a l  t e s t s  were conducted i n  a i r  f o r  comparison. 
The high p u r i t y  specimens had been t e s t e d  i n  argon over a n e a r l y  comparable 
temperature  range, bu t  fo r  t es t s  at 14OO0C and above t h e r e  w a s  s i g n i f i c a n t  
g r a i n  growth which prevented comparative a n a l y s i s  of t hese  da ta .  Grain 
growth w a s  less  i n  t h e  doped c126c specimens, a l though long t e s t s  a t  t h e  
h igher  temperatures  were t roub led  by g r a i n  growth. 
This  m a t e r i a l  was made frm a standard 9 9 . 9 4  pure, 
2 Data obtained on another  program 
had Seen hot  pressed from a spec ia l ,  high p u r i t y  powder without  any 
The high p u r i t y  
addi  i? i v e s ;  it a l s o  had a 1 . 2 ~  gra in  s i z e  and an  e s s e n t i a l l y  i d e n t i c a l  
S p e c i f i c  analyses  are not a v a i l a b l e  f o r  t h e  c126c material, bu t  
An a d d i t i o n a l  series o f  t e s t s  i n  a i r  w e r e  conducted on b a r s  from a 
hot pressed  b i l l e t ,  (2.42, of A1203 t 3 MgO, which had an  average g r a i n  s i z e  
of about  2.7~. One set  of b a r s  was t e s t e d  i n  t h e  as-pressed condi t ion.  A 
second set  of b a r s  w a s  annealed for  120 hours i n  a i r  a t  1300°C p r i o r  t o  
t e s t i n g .  The anneal ing w a s  conducted t o  reduce t h e  gaseous spec ies  entrapped 
dur ing  hot  press ing  and t o  allow oxidat ion and escape of carbon r e t a i n e d  from 
t h e  hot  pressing;  t h e  low temperature w a s  chosen t o  minimize g r a i n  growth 
dur ing  annealing; t h e  annealed specimens had a g r a i n  s i z e  about 10% g r e a t e r  
t han  t h e  as-pressed samples. 
ing,  t h e  samples were s i g n i f i c a n t l y  l i g h t e r  a l though a dark shadow from t h e  
c e n t e r  remained. During annealing, t h e  samples exh ib i t ed  a s m a l l  d e n s i t y  
loss of less  than  O.l$, changing from s l i g h t l y  g r e a t e r  than  99.7% t o  s l i g h t l y  
l e s s  t han  t h i s  value.  The change in  c o l o r  i s  thought t o  r e s u l t  from oxida- 
t i o n  and loss  of carbon, bu t  may a l s o  involve removal of o the r  impuri ty  or 
gaseous spec ies .  
The as-pressed samples were black;  a f t e r  anneal-  
These specimens were t e s t e d  a t  1375' and 1450OC. 
F i n a l l y  an  a i r  t e s t  w a s  conducted on t h e  only remaining b a r  from t h e  
ba t ch  of s in t e red ,  Lucalox specimens from l a s t  year.  
s i z e  of l 5 p  and an  average dens i ty  of 99.2$ of t h e o r e t i c a l .  
t e s t e d  a t  1661Oc. 
This  ba tch  had a g r a i n  
This  b a r  was 
A l l  of t h e  t e s t i n g  w a s  done i n  f o u r  poin t  f l exure .  Although sepa ra t e  
furnaces  were used f o r  t h e  argon and a i r  tes t s ,  uniform procedures were used 
*The g ra in  s izes  were a l l  measured by t h e  l i n e a r  i n t e r c e p t  method and 
Grain s i zes  were gene ra l ly  measured on a s - t e s t e d  r epor t ed  as G = 3/2 f,. 
bar s ;  except  where noted, t hey  were l i t t l e  d i f f e r e n t  from t h e  as-pressed 
g r a i n  sizes.  
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as much as poss ib l e  so t h a t  only the atmosphere would be changed. Both 
furnaces  were c a l i b r a t e d  t o  ensure comparable temperature  measurements. 
The t e s t  machine i s  a cons tan t  cross-head d r i v e  machine w i t h  a v a r i a b l e  
speed d r ive .  Incremental  s t r a i n  r a t e  tes ts  were performed by maintaining a 
cons tan t  d e f l e c t i o n  rate u n t i l  a s teady-s ta te  load  w a s  achieved and then  
inc reas ing  t h e  rate t o  t h e  next  des i red  l e v e l  and aga in  wai t ing  f o r  s teady-  
s ta te .  The load  i s  cont inuously recorded versus  t i m e .  The d e f l e c t i o n  i s  
measured w i t h  a probe which a c t i v a t e s  a LVDT and i s  a l s o  cont inuously 
recorded. The probe system i s  used t o  measure inne r  k n i f e  edge de f l ec t ion ,  
D, which can be converted d i r e c t l y t o  ou te r  f i b e r  s t r a i n  by t h e  r e l a t i o n :  
(1) 
c =  4hD - 
A2 
where h i s  t h e  specimen th ickness ,  and ,f+ t h e  inne r  gauge length .  
For  t h e  c126c tes ts ,  considerable  e f f o r t  w a s  expended t o  achieve 
t h e  lowest poss ib l e  s t r a i n  r a t e s  from t h e  t es t  machine. The argon system 
u t i l i z e d  a t h r e e  probe d e f l e c t i o n  measurement system; t h i s  system seemed 
t o  be more accu ra t e  a t  t h e  low ra t e s ,  where t o t a l  s t r a i n s  were s m a l l ,  
t h e  s i n g l e  probe system used i n  the a i r  furnace.  
The o u t e r  f iber  stress f o r  each condi t ion  i s  ca l cu la t ed  from 
load  curves using t h e  r e l a t i o n :  
2M 
bh2 
0-= - ( 2  + n b  + % )  
where  % = ($) 6 and mb =( )M , where M i s  t h e  app l i ed  moment, 
h are t h e  specimen breadth  and depth, and Q> i s  t h e  included angle  of a m  Q 
than  




For t h e s e  tests,  s t eady- s t a t e  condi t ions we;e achieved f o r  which nb w a s  
e s s e n t i a l l y  zero. 
The r e s u l t s  of t h e  a i r  t e s t  on t h e  l 5 ) 1  s i n t e r e d  bar are shown 
i n  F igure  1. 
for comparison. 
t h e  argon r e s u l t s ,  t h e  d i f f e rence  i s  ve ry  much less than  t h e  f a c t o r  of f o u r  
t o  f i v e  which was ind ica t ed  t o  be poss ib l e  by  comparison of las t  yea r ’ s  
r e s u l t s  wi th  some ear l ier  t e s t s  conducted i n  air .  
This  curve includes t h e  r e s u l t s  of t h e  previous’ argon tes t s  
Although t h e r e  i s  a small d i f f e rence  between t h e  a i r  and 
1 
The C42 specimens were t e s t e d  t o  determine whether carbonaceous 
impur i t i e s  o r  o the r  gaseous impur i t ies  would have a measurable e f f e c t  on 
t h e  deformation behavior .  The t e s t  r e s u l t s  are shown i n  F igure  2. Very 
l i t t l e  d i f f e rence  i n  behavior  could be seen between t h e  two groups; t h e  
s l i g h t l y  l a r g e r  g r a i n  s i z e  of t h e  annealed specimens would be s u f f i c i e n t  t o  
exp la in  t h e  s l i g h t  i n d i c a t i o n  of higher flow stress f o r  t h i s  material. 
Because of t h e  coa r se r  g r a i n  s ize  of t h i s  material, it had t o  be tes ted 
above 1300°C; as a resul t ,  t h e  as-pressed m a t e r i a l s  became somewhat l i g h t e r  
dur ing  t h e  tes ts  ( i n  which t h e  sample i s  a t  temperature f o r  two t o  three 
hours t y p i c a l l y ) .  
genera t ion  occurred on t h e  t e n s i l e  su r faces  and caused t h i s  side of t h e  bar 
A t  these low temperatures,  some f i n e  cracking and po ros i ty  
-5- 




























t o  show a g r e a t e r  e f f e c t  of annealing than  t h e  compressive s ide .  Even 
though some annea l ing  e f f e c t s  occurred, it i s  s u r p r i s i n g  t h a t  no d i f f e rences  
i n  t h e  two groups were apparent ,  e s p e c i a l l y  i n  t h e  i n i t i a l  t e s t  po in t s  f o r  
t h e  as-pressed material. This  suggests t h a t  i f  a n  e f f e c t  of gases o r  carbon 
contamination e x i s t s ,  it i s  e i t h e r  v e r y  d i f f i c u l t  t o  e l imina te  or e lse  t h a t  
t h e  s i g n i f i c a n t  changes occur very  quick ly  on hea t ing  i n  a i r  even though 
co lo r  changes are slower t o  become apparent .  A f t e r  t e s t i n g ,  it w a s  observed 
t h a t  t h e  annealed specimens exhib i ted  somewhat more c racking  and po ros i ty  
genera t ion  during t e s t i n g ;  t h i s  was s u r p r i s i n g  consider ing t h e  s m a l l  dens i ty  
change during anneal ing.  
The r e s u l t s  f o r  t h e  c126c t e s t s  i n  argon a e p l o t t e d  i n  Figure 3. f This  p l o t  includes t h e  d a t a  previously r epor t ed  p lus  t h e  r e c e n t  t es t s .  




r= - ( 3 )  
Also shown on t h e  p l o t  a r e  t h e  l i n e s  f o r  t h e  high p u r i t y  t e s t s  a t  temper- 
a t u r e s  of 1228O, 1258O, 1288', and 1337OC. 
Figure  4 f o r  t h e  c126c tes ts  i n  air. 
A s i m i l a r  p l o t  i s  shown i n  
These curves show a n  increase  i n  s t r a i n  rate s e n s i t i v i t y  a t  t h e  h ighes t  
stresses or rates f o r  each temperature, suggest ing a t r a n s i t i o n  i n  t h e  ra te  
c o n t r o l l i n g  mechanism. 
agreement wi th  t h e  high p u r i t y  data i n  t h e  high range where comparable data 
e x i s t .  The au thors  were unaware of similar behavior  i n  any ceramic systems 
al though similar r e s u l t s  had been repor ted  i n  t h e  s u p e r p l a s t i c  l i t e r a t u r e 4 7  596; 
i n  some of t h e s e  cases ,  m values as low as 0.2 are observed a t  t h e  lowest 
rates,  and t h e  maximum rate s e n s i t i v i t i e s  observed before  d i s l o c a t i o n  creep 
becomes dominant may be only as high as 0.5 t o  0.8. 
observa t ion  has a l s o  been repor ted  i n  ET203 near  t h e  t ransformat ion  temper- 
7 a t  u re  . 
The s h i f t  b r ings  t h e  c126c d a t a  i n t o  s u b s t a n t i a l  
Recent ly  a similar 
There are two poss ib l e  cauaes of systematic  e r r o r  which could con t r ibu te  
t o  t h i s  apparent  s h i f t  i n  behavior.  
t aken  on ba r s  wi th  inc reas ing  s t r a i n  and so  have t h e  g r e a t e s t  unce r t a in ty  i n  
t h e  bending moment because of ho r i zon ta l  load  components a t  t h e  load  supports .  
A s  d i scussed  i n  t h e  Appendix, a n  a n a l y t i c  co r rec t ion  i s  poss ib le ,  b u t  t h e  
c o r r e c t i o n  i s  very  s e n s i t i v e  t o  the c o e f f i c i e n t  of f r i c t i o n  between t h e  kn i f e  
edges and specimen. If t h e  f r i c t i o n  i s  neg l ig ib l e ,  t h e  bending moment a t  
l a r g e  specimen curvatures would be even l a r g e r  t han  t h a t  p l o t t e d  here  using 
t h e  simple v e r t i c a l  l oad  formula; however, i f  t h e  c o e f f i c i e n t  of f r i c t i o n  i s  
high, t h e  apparent  s t r e s s e s  a t  large curva tures  are t o o  high. 
s e l e c t i o n  of a va lue  of t h e  c o e f f i c i e n t  of f r i c t i o n  i s  no t  warranted and so  
no c o r r e c t i o n  f o r  t h i s  effect  w a s  made. 
wi th  o the r  t e s t  series and comparison of rate s e n s i t i v i t i e s  of i nd iv idua l  ba r s  
t e s t e d  wi th  d i f f e r e n t  i n i t i a l  s t r a i n  rates suggests  t h a t  t h e  inc rease  i n  rate 
s e n s i t i v i t y  i s  real, a l though some of t h e  s c a t t e r  i n  t h e  d a t a  may be caused 
by specimen curva ture  e f f e c t s .  If  a c o r r e c t i o n  i s  made, assuming a s u f f i c -  
i e n t l y  high c o e f f i c i e n t  of f r i c t i o n  t o  s t r a i g h t e n  t h e  s t r e s s - s t r a i n  rate l i n e ,  
The po in t s  a t  t h e  h ighes t  stresses are 
A r b i t r a r y  
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t h e  r e s u l t a n t  s lope  would be between 0.5 and 0.6 i n d i c a t i n g  t h a t  t h e  unce r t a in ty  
i s  i n  t h e  inc rease  i n  ra te  s e n s i t i v i t y  t o  near  uni ty ,  not  i n  t h e  ex i s t ence  of 
t h e  non-Newtonian region.  
A second source of e r r o r  i s  from g r a i n  growth during tes t s  which f o r  
most of t h e  probable deformation mechanisms would cause an  increase  i n  flow 
s t ress .  For  t h e  t e s t s  a t  1313OC and belaw, t h e  d i f f e rence  i n  g r a i n  s ize  of 
specimens t e s t e d  r a p i d l y  a t  high r a t e s  and those  i n  long tes t s  s t a r t i n g  a t  
low ra tes  was gene ra l ly  less  than  16. Although g r a i n  growth could a l s o  
c o n t r i b u t e  t o  some of t h e  apparent change i n  behavior,  comparison of t h e  
specimens s t a r t e d  a t  d i f f e r e n t  i n i t i a l  r a t e s  aga in  i n d i c a t e s  t h e  e f f e c t  t o  
be real, a l though t h e  apparent  magnitude could be increased  by t h e s e  two 
problems. 
For t h e  t e s t s  a t  14OO0C and above, g r a i n  growth w a s  more severe;  some 
of t h e  specimens from long t e s t s  a t  1400 C and from 149OoC had g r a i n  s i z e s  
of 2 p or above. The da ta  from specimens which had severe g r a i n  growth 
problems suggested a sigmodial s t r e s s - s t r a i n  rate curve with an  i n i t i a l  
reg ion  of high apparent  rate s e n s i t i v i t y  decreas ing  wi th  increas ing  s t r a i n  
rate and then  appa ren t ly  inc reas ing  again.  It i s  thought t h a t  t h i s  f i r s t  
reg ion  i s  an  a r t i f a c t  r e s u l t i n g  from g r a i n  growth; t h i s  would be more severe 
a t  t h e  low rates where t h e  t i m e  for each t e s t  i s  longer .  Some a d d i t i o n a l  
t e s t s  were performed a t  1400' or  1418OC, shown i n  F igure  5, i n  which t h e  
tests w e r e  s t a r t e d  a t  higher  r a t e s  and t h e  rate w a s  lowered i n t o  t h e  range 
where t h e  high rate s e n s i t i v i t y  had appeared. 
t h a t  t h e  apparent  s h i f t  a t  low s t r a i n  rates w a s  an  anamoly caused by con- 
c u r r e n t  g r a i n  growth. Correct ion of t h e s e  d a t a  for g r a i n  growth w a s  no t  
warranted s i n c e  t h e  t i m e  dependent gra in  growth l a w  was not  known f o r  t h i s  
material and, f u r t h e r ,  because any s h i f t  i n  mechanism may involve a change 
i n  g r a i n  s i z e  dependence on flow s t r e s s .  Fu r the r  i nves t iga t ion  f o r  a low 
ra te  t r a n s i t i o n  a t  lower temperatures w a s  no t  poss ib l e  wi th  t h e  present  
appara tus  because of t h e  low s t r a i n  rates requi red .  
These r e s u l t s  tend  t o  confirm. 
Graphica l  reduct ion  of t h e  s t r e s s - s t r a i n  rate curves w a s  made using 
eqn. ( 2 )  and neglec t ing  ho r i zon ta l  load e f f e c t s  on t h e  bending moments. 
r e s u l t s  are i n  Figure 6 which a l s o  includes t h e  d a t a  f o r  t h e  high p u r i t y  
material. Because of t h e  less accura te  d e f l e c t i o n  measurement i n  t h e  a i r  
furnace,  t h e  po in t s  a t  10-7 sec'l f o r  t h e  a i r  t e s t s  were not  included i n  t h e  
co r rec t ed  curves.  The co r rec t ion  i s  a g raph ica l  one f o r  each curve i n  
F igures  3 and 4 and so t h e  ind iv idua l  d a t a  p o i n t s  are not  presented  i n  
F igure  6. 
d i r e c t l y  f o r  comparison. However, the  o t h e r  curve a t  1418OC with  a s i n g l e  
s lope  inc rease  w a s  obtained by assuming g r a i n  growth problems f o r  t h e  long 
tes t s  and emphasizing t h e  i n i t i a l  t e s t  p o i n t s  and b a r s  s t a r t e d  a t  h igher  
rates, which had l i t t l e  g r a i n  growth. This  curve w a s  used f o r  t h e  subsequent 
a n a l y s i s  of t h e  da ta .  
The 
The sigmodial curve shown i n  F igure  3 f o r  1418OC w a s  converted 
No reduct ion  of t h e  149OoC d a t a  w a s  performed. 
It can be seen t h a t  t h e  cor rec ted  curves g ive  a s t ronge r  i n d i c a t i o n  of 
a t r a n s i t i o n  i n  behavior  from a mechanism wi th  m = 0.5 t o  one wi th  m = 1. 
However, f u r t h e r  t e s t i n g  a t  lawer rates would be necessary t o  be c e r t a i n  
t h a t  m has reached a lower l i m i t  a t  0.5. Again t h e  s i m i l a r i t y  i n  behavior  
of t h e  doped material  and t h e  high p u r i t y  A1203  can be seen. 
t h a t  f u r t h e r  t e s t i n g  of t h e  high p u r i t y  material a t  lower rates may r evea l  
This  suggests  
-11- 









E similar t r a n s i t i o n .  
t h a t  a t  1228'~; because t h i s  material had a higher  f r a c t u r e  s t r eng th ,  d a t a  
could be obtained up t o  45 K s i  which allowed a b e t t e r  confirmation of t h e  
high rate s e n s i t i v i t y  range. 
i n d i c a t e s  t h a t  wi thout  a t r a n s i t i o n  i n  behavior  f o r  one o r  both of t h e s e  
materials, t h e  two s t r e s s - s t r a i n  rate curves would simply c ross  each o t h e r  
which seems highly  improbable. 
The high p u r i t y  curve wi th  t h e  most ex tens ive  data w a s  
The slope averaged 0.93 f o r  t h i s  l ine2a .  This  
* 
Act iva t ion  ene rg ie s  were obtained by p l o t t i n g  f, vs. 1 /T  a t  s e v e r a l  
stress levels as shown i n  F igure  7. The high p u r i t y  d a t a  are included i n  
t h i s  p l o t  as a r e  p o i n t s  from a f e w  small c126c b a r s  tes ted on t h e  same 
appara tus  as t h e  high p u r i t y  b a r s  t o  check cal ibrat ion.*" 
a change i n  a c t i v a t i o n  energy between t h e  high and low s t ress  reg ions  i n d i c a t -  
i n g  AH i s  about 100 Kcal/mole f o r  the high stress Newtonian reg ion  and about 
115 Kcal f o r  t h e  low stress region.  
c o n s i s t e n t  change wi th  stress tends  t o  g ive  c r e d a b i l i t y .  It i s  seen t h a t  t h e  
high p u r i t y  b a r s  i n d i c a t e  a somewhat lower AH, bu t  t h a t  t h e  f i t  wi th  t h e  
c126c d a t a  i s  q u i t e  good, consider ing t e s t i n g  w a s  i n  a d i f f e r e n t  apparatus  
and s m a l l  d i f f e r e n c e s  i n  g r a i n  s ize  may e x i s t .  A s imi la r  p l o t  a t  5000 p s i  
f o r  t h e  C42 d a t a  gave a va lue  of 114 Kcal/mole. 
a t  low stresses f o r  c126c material which i s  c o n s i s t e n t  s ince  t h i s  m a t e r i a l  
e x h i b i t e d  a rate s e n s i t i v i t y  of 0.67 over t h e  l i m i t e d  range i n  which it w a s  
t e s t e d .  + 3 MgO wi th  g r a i n  s i z e s  
Kcal/mole . 
The da ta  suggest  
T h i s  i s  not  a l a r g e  d i f f e rence ,  b u t  t h e  
This  i s  similar t o  t h e  va lues  
Also, p rev ious ly  repor ted  data3 on A 1 2 0  
of 1.8 and 2 . 0 ~ 1  and average m = 0.63 had a c t i v a  2 ion  ene rg ie s  of ll7 and l l 9  
Since t e s t i n g  a t  t h e  same temperature w a s  not  poss ib l e  f o r  a$l t h e  
materials, g r a i n  s i z e  comparison i s  made by e x t r a p o l a t i o n  of t h e  E - 1/T d a t a  
t o  an  in te rmedia te  temperature,  1528Oc. 
The r e s u l t s ,  inc luding  t h e  s i n t e r e d  bars from l a s t  year1 and ear l ier  data3 
are i n  F igure  8. 
c o n s i s t e n t  c a l i b r a t i o n  d i f f e r e n c e  between t h e  two s t u d i e s  r a t h e r  t han  a n  
atmosphere or p u r i t y  d i f f e r e n c e  as was i n f e r r e d  i n  t h e  previous r e p 0 r t . l  The 
r ecen t  work covers materials t e s t e d  i n  t h r e e  d i f f e r e n t  furnaces ,  and i n  both 
a i r  and argon, and shows good i n t e r n a l  cons is tency  and so t h e  abso lu te  magni- 
t ude  of t h i s  pata i s  more l i k e l y  cor rec t .  A s t r a i g h t  l i n e  f i t  t o  t h i s  data 
i n d i c a t e s  an  €* G m 2 * 7  dependence. 
d i f f u s i o n a l  c reep  wi th  a s h i f t  t o  domination by  g r a i n  boundary d i f f u s i o n  a t  
t h e  f i n e s t  g r a i n  s i z e s ,  t h e  e f f e c t  of t h e  non-Newtonian mechanism must a l s o  
be  considered i n  a complete i n t e r p r e t a t i o n  of t h i s  r e s u l t .  
A l l  of t h e  d a t a  were f o r  5000 p s i .  
The d a t a  appear t o  f i t  two sepa ra t e  l i n e s  suggest ing a 
Although t h i s  would appear t o  suggest  
B. Crys ta l lographic  Texture 
A s t r o n g  b a s a l  t e x t u r e ,  wi th  t h e  c -ax is  p a r a l l e l  t o  t h e  fo rg ing  
d i r e c t i o n ,  has been r epor t ed  i n  A1203 heav i ly  forged a t  high temperatures8, 9 
and has been a t t r i b u t e d  t o  b a s a l  s l i p  dur ing  forg ing .  I n  addi t ion ,  a s t rong  
texture was found1 i n  a specimen forged 38% a t  145OoC and a t  r e l a t i v e l y  low 
stress; apprec iab le  c a v i t a t i o n  i n  t h i s  specimen, JC-1474, reduced t h e  d e n s i t y  
t o  93.3% a f t e r  forging.  
deformation a t  low stresses and intermediate  temperatures,  o r i e n t a t i o n  w a s  
measured i n  two a d d i t i o n a l  specimens. 
forged  16% a t  145OoC and 4 x 10-5 sec- l  which had a f i n a l  d e n s i t y  of 99.3%. 
A second specimen, C126-4U, w a s  prepared by creep  fo rg ing  a p iece  of t h e  c126c 
To f u r t h e r  assess  t h e  con t r ibu t ion  of b a s a l  s l i p  i n  









Figure  <'. S t r a i r .  Rate versus  l i /T :"-owing t h e  Act ivat io>l  Energy  f o r  





0 mater ia l  a t  1315 C and a t  an  average s t r a i n  rate of about 2 x 
small specimen w a s  compressed under a dead load  g iv ing  an i n i t i a l  s t ress  of 
4100 p s i  which dropped t o  2800 p s i  a s  the p i ece  reached a n  u l t imate  s t r a i n  of 
31% reduct ion .  After forging,  t h e  piece had a d e n s i t y  of 99.9$, i n d i c a t i n g  
l i t t l e  c a v i t a t i o n  occurred. 
slow s t r a i n  r a t e  which w a s  s e l e c t e d  t o  be below t h e  apparent  t r a n s i t i o n  seen 
i n  t h e  f l e x u r e  t e s t  and t o  be a t  a s t r e s s  below t h a t  r epor t ed  f o r  b a s a l  y i e l d  
i n  sapphi re  a t  comparable or lower s t r a i n  rates. I n  order  t o  achieve t h e  
necessary stresses i n  t h e  a v a i l a b l e  creep u n i t ,  a s m a l l  specimen of dimensions 
0.10 x 0.19 x 0.20 inch was used; t h e  elongated c ross -sec t ion  w a s  s e l e c t e d  t o  
f a c i l i t a t e  X-ray o r i e n t a t i o n  measurements. 
s ec - l .  A 
The  dead load t e s t i n g  w a s  necess i t a t ed  by t h e  
These specimens were analyzed f o r  p r e f e r r e d  c rys t a l log raph ic  o r i e n t a t i o n  
by a n  X-ray d i f f r a c t i o n  technique which has been developed and used on previous 
programsl0,1l.  
e s s e n t i a l l y  an  az imutha l ly  averaged, inverse pole  f i g u r e .  I n  t h i s  procedure, 
t h e  r e l a t i v e  popula t ion  d e n s i t y  of d i f f e r e n t  planes i s  p l o t t e d  aga ins t  t h e  
ang le  between these planes and t h e  basa l  (000.1) plane.  
i z a t i o n ,  t h i s  i s  t hen  a l s o  a p l o t  of t h e  populat ion d e n s i t y  of t h e  b a s a l  
planes a t  t h e  same angle  from t h e  reference sur face .  
The c rys t a l log raph ic  t e x t u r e  can be descr ibed  by what i s  
With proper normal- 
Experimentally,  t h e  procedure i s  simple. The d i f f r a c t i o n  p a t t e r n  of a 
randomly o r i en ted  (powder) sample i s  obtained. 
Po(hk . l )  def ined  by t h e  r e l a t i o n  
Values are ca l cu la t ed  of 
Po(hk . l )  = I (hk.1) 
XI (hk.1)  
where I (hk.1)  
(hk. 1) plane.  
obtained using 
hkl 
i s  t h e  d i f f r a c t i o n  peak i n t e n s i t y  f o r  r e f l e c t i o n  from t h e  
S imi la r ly ,  t h e  d i f f r a c t i o n  p a t t e r n  of t h e  forged body i s  
a f a c e  perpendicular  t o  t h e  p re s s ing  d i r e c t i o n  taken  a t  t h e  
mid-plane of t h e  p iece .  
t h e  r a t i o s  k(hk .1)  = P(hk. l ) /Po (hk.1) are ca l cu la t ed .  
p l o t t e d  a g a i n s t  8, t h e  angle  between t h e  plane hk.1 and 00.1. 
Values of P (hk.1) are ca l cu la t ed  as before ,  and then  
These values of R are 
I n  t h e  case of a random (powder) sample, R has t h e  cons tan t  va lue  of 
un i ty .  I n  t h e  case  of a p e r f e c t l y  or iented sample, R i s  zero  everywhere 
except  a t  8 = 0 where it has sane la rge  f i n i t e  value.  I n  t h e  case of a 
d i s t r i b u t i o n  of o r i e n t a t i o n ,  R w i l l ,  i n  genera l ,  decrease monotonically from 
8 = 0 t o  8 = goo. The b e t t e r  t h e  alignment of t h e  c r y s t a l l i t e s ,  t h e  g r e a t e r  
w i l l  be  t h e  i n t e r c e p t  a t  8 = 0 and the s t e e p e r  t h e  drop wi th  inc reas ing  8. 
The r e s u l t s  a r e  shown i n  F igure  9. The resu l t s  for JC-1469 forged only  
16% i n d i c a t e  t h a t  texture i s  Jus t  beginning t o  develop a t  t h i s  s t r a i n .  
Unfortunately,  t h e  plane a t  0 has a low X-ray i n t e n s i t y  and so  i s  t h e  most 
d i f f i c u l t  t o  measure ace ya te ly ;  t h e  values f o r  t h e  planes a t  18O and 90° are 
similar t o  those  repor ted  f o r  high temperature fo rg ings  where only s l i g h t  
t e x t u r e  was found a t  s t r a i n s  below 20%. 
31%, shows decided b a s a l  t e x t u r e ,  although it i s  not  as s t rong  as found f o r  
t h e  previous$ repor ted  p iece  forged 38%. These r e s u l t s  i n d i c a t e  t h a t  b a s a l  
s l i p  i s  a c t i v e  i n  t h e  intermediate  temperature deformation of A1203 even a t  low 
s t r a i n s  and t h a t  it does not  simply occur a t  high s t r a i n s  and concurrent  wi th  
s i g n i f i c a n t  c a v i t a t i o n .  
The lower temperature piece,  forged  
-1. ’- 
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Figlure (2. Rat io  of Eela t ive  X-ray I n t e n s i t y  fo r  Compression pecimeris 
Showi.ig Basal Texture. 
year i s  included f o r  compariso:. 
The data  from t h e  @$ E? froi’i 1a:: t  
C .  HemisDhere Forginas  
Two a d d i t i o n a l  a t tempts  were made t o  deep draw hemispheres from f l a t ,  
+inch diameter  blanks of alumina. 
r a d i u s  of 1.05 inch.  
and a s m a l l  entrance rad ius  compared t o  t h e  prev ious ly  used set-up' which had 
a 40° ent rance  angle  and generous rad ius .  
r ad ius  w a s  increased  t o  prevent cracking. 
The procedure was similar t o  t h a t  previous-  l y  used 1 , bu t  wi th  a new g raph i t e  punch and d i e  which had a hemispherical  
For t h e  f i r s t  one t h e  d i e  had a n  en t rance  an l e  of 30° 
For t h e  second, t h e  d i e  en t rance  
The f i r s t  forging,  ~1600, used a blank wi th  an  i n i t i a l  g r a i n  s i z e  
of 2 .4  u and w a s  done a t  1575OC t o  reduce t h e  amount of g r a i n  growth during 
t h e  deep drawing. The b lank  broke i n t o  several p ieces  as can be seen i n  
F igure  10. 
t e s t ,  and appeared t o  o r i g i n a t e  i n  the f l a t  p a r t  of t h e  crack between t h e  two 
l a r g e s t  pieces .  It was not  c l e a r  exac t ly  where i n  t h i s  reg ion  t h e  crack 
s t a r t e d .  It seems l i k e l y  t h a t  t h e  i n i t i a l  crack may have r e s u l t e d  from a 
b r i e f  i nc rease  i n  s t r a i n  r a t e  and load dur ing  t h e  e a r l y  p a r t  of t h e  t e s t .  
A second s e t  of cracks a l s o  developed a t  t h e  d i e  en t rance  reg ion  where t h e  
maximum bending occurs.  These appear t o  be t h e  r e s u l t  of drawing over t o o  
sha rp  a r ad ius  a t  t o o  high a r a t e .  
The primary r a d i a l  cracks c l e a r l y  occurred q u i t e  e a r l y  i n  t h e  
Examination of t h e  surfaces of t h i s  forg ing  ind ica t ed  some undesirable  
chemical compa t ib i l i t y  problems. Spots of a molten phase could he seen on 
t h e  sur face ;  t h i s  may be B20 from the BN l u b r i c a n t  used. It i s  not  m?wn 
This  must be prevented s ince  a t t a c k  by a l i q u i d  phase could l e a d  t o  cracking 
dur ing  forg ing .  
whether t h e  oxide w a s  i n i t i a  1 l y  present  i n  t h e  BN o r  formed during fo rg ing .  
The second forging,  ~1762, was planned t o  have a reduced s t r a i n  ra te  
i n  t h e  i n i t i a l  s ta es, because of t h e  e a r l y  cracking of ~1600 and because t h e  
i n  t h e  r eg ion  of maximum th inning  s t r a i n  and so appeared t o  have been caused 
by excess ive  s t r a i n  rate i n  t h e  i n i t i a l  p a r t  of t h e  drawing. The temperature  
for t h i s  fo rg ing  w a s  1600Oc. 
ear l ie r  hemisphere B , D1442, had some t e a r i n g  a t  t h e  apex; t h i s  t e a r i n g  w a s  not  
This  blank a l s o  cracked very e a r l y  i n  t h e  run; t h e  d e f l e c t i o n  w a s  
on ly  about  0.04 inch  compared t o  t h e  blank th ickness  of 0.068 inch. The run 
w a s  t e rmina ted  i n  order  t o  t r y  t o  e s t a b l i s h  t h e  cause of premature failure. 
The f r a c t u r e  occurred r a p i d l y  and a t  a r e l a t i v e l y  low load. The fo rg ing  had 
been i n  progress  f o r  more than  an hour and t h e  d e f l e c t i o n  w a s  s i g n i f i c a n t l y  
l e s s  t h a n  had been ca l cu la t ed  f o r  the  loading  t o  ob ta in  t h e  t a r g e t  s t r a i n  rate 
of 2 x 10-5 sec- l .  A t  t h e  f a i lu re  load, an  approximate c a l c u l a t i o n  of t h e  
maximum bending stresses a t  t h e  center  of t h e  blank gave 1 2  K s i ;  t h e  c a l c u l a t i o n  
does not  include s t r e t c h i n g  stresses which should not  be l a r g e  a t  t h a t  s t age  
of d e f l e c t i o n  o r  contac t  s t r e s s e s  under t h e  punch. This  value of f r a c t u r e  
s t ress  i s  lower than  expected ( s e e  t h e  next  s ec t ion  f o r  f u r t h e r  discu" csion of 
f r a c t u r e  s t r eng th ) .  A con t r ibu t ing  cause i s  t h a t  t h e  stress i s  b i a x i a l  t ens ion;  
a t  l o w  temperatures,  a reduct ion  of f r a c t u r e  s t r e n g t h  under b i a x i a l  loading of 
about 20% has been r epor t ed  f o r  A12O3l2. 
may be a n t i c i p a t e d  i n  t h e  b r i t t l e  r e g i m e  and reduced f r a c t u r e  stresses f o r  
p l a s t i c  t e a r i n g  under b i a x i a l  loading are a l s o  probable.  
A t  high temperature,  a similar e f f e c t  
The f a i l u r e  s t a r t e d  a t  t h e  center  and propagated outward wi th  several 
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Figure 10. Cracking of Deep Drawn A1203 Hemisphere, ~1600. 
r igh t  pieces should be interchanged. 
The upper and 
#5603-1 1x 
Figure 11. Premature Cracking i n  Hemisphere R u n  ~1762. 
observable bending occurred a f t e r  f racture .  
Most of t h e  
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branches as seen i n  F igure  11. Examination of t h e  f r a c t u r e  sur faces  confirmed 
t h a t  t h e  crack s t a r t e d  i n  t h e  cen te r  o f  t h e  d i s c .  However, it w a s  s u r p r i z i n g  
t h a t  t h e  o r ig in ,  as shown i n  F igure  12, appears  t o  be a t  t h e  sur face  on t h e  
punch s ide ,  which would be i n  compression from bending. I n  f a c t  t h e  plane of 
t h e  crack w a s  p a r a l l e l  t o  t h e  scratches on t h e  punch side from sur face  gr ind-  
i n g  t h e  blank. Even i f  s t r e t c h i n g  stresses were apprec iab le ,  t h e  higher  t e n -  
s i l e  stresses would s t i l l  e x i s t  on the oppos i te  s i d e  of t h e  p l a t e .  
t h a t  con tac t  stresses under t h e  punch were important.  A poss ib l e  explana t ion  
i s  t h a t  t h e  low d e f l e c t i o n  rate may have r e s u l t e d  from punch hang-up and t h a t  
when t h e  punch loosened, t h e  t r a n s i e n t  i nc rease  i n  load  w a s  s u f f i c i e n t  t o  
i n i t i a t e  f r a c t u r e .  
This suggests  
Mic ros t ruc tu ra l  examination of t h e  previous', more success fu l  hemisphere, 
Dlh42, done a t  1625OC, and of h ighly  s t r a i n e d  areas i n  D1600 RS performed 
using e l e c t r o n  microscopy of r e p l i c a s  combined wi th  some l i g h t  ui croscopy. 
For D1442, t h e  as-forged hemisphere was etched i n  phosphoric a c i d  snd t h e  
inne r  and ou te r  sur faces  were r ep l i ca t ed .  A typical reg ion  from t h e  $?ixter 
su r face  is  shown i n  F igure  l3a; it can be seen t h a t  apprec iab le  g r a i n  g.-owth 
occurred. The average w a s  6.8 p compared t o  a n  i n i t i a l  size of 3 p f o r  t L - i s  
piece.  The g r a i n  s i z e  of ~1600 ,  done a t  1575OC, only increased  from 2.4 p L9 
3.8 p. 
On D1442 many small spo t s  could be v i s u a l l y  seen on t h e  O.D.;  r e p l i c a t i o n  
showed t h a t  t hese  were small coarse-grained patches.  The g ra ins  i n  t h e s e  
patches were about 30 as can be seen i n  F igure  l3b.  These coarse  gra ined  
reg ions  a c t e d  as hard spo t s  and did not deform as fast as t h e  surrounding 
reg ions .  Some cracking w a s  observed i n  t h e  reg ions  immediately surrounding 
t h e  hard spo t s  which presumably r e su l t ed  from t h e  h igher  l o c a l  s t r a i n  rates.  
S imi l a r  coarse  gra ined  patches as shown i n  F igure  14  were a l s o  seen i n  ~ 1 6 0 0 .  
Because t h e r e  w a s  less th inn ing  of t h i s  piece,  t h e s e  spo t s  d i d  no t  s tand  high 
on t h e  su r face  as i n  D1442. 
patches are i n  t h e  o r i g i n a l  blanks.  
It i s  present ly  thought t h a t  t h e s e  coarse  grained 
A core  of hemisphere D1442 w a s  taken near  t h e  apex i n  t h e  reg ion  of 
g r e a t e s t  t h inn ing  s t r a i n .  
s t r a i n  of 3 . 9  and a th inn ing  s t r a i n  of 9 . 9 .  
s t r a i n  formula: 
This  area had experienced a n  average b i a x i a l  bend 
Using t h e  usua l  equiva len t  
' -----I- 
( 4 )  
t h e  t o t a l  equiva len t  s t r a i n  w a s  ca lcu la ted  t o  va ry  l i n e a r l y  from 2.8 a t  t h e  
I . D .  where t h e  bending and th inn ing  s t r a i n s  cancel,  t o  a maximum of 17.6% at  
t h e  O.D. These va lues  are approximate i n  t h e  sense t h a t  t h e y  only r ep resen t  
t h e  f i n a l  average s t r a i n s  and do not  account f o r  any redundant s t r a i n s  i n  t h e  
a c t u a l  deformation. 
Micrographs are shown i n  Figures  15, 16, and 17 of t y p i c a l  regions i n  
t h e  c ros s - sec t ion  from near  t h e  O.D., from t h e  cen te r ,  and near  t h e  I.D., 
providing a scan along t h e  s t r a i n  gradient .  These show a n  inc rease  i n  t h e  
amount of g r a i n  boundary c a v i t a t i o n  with t h e  inc rease  i n  s t r a i n .  The d i f f i -  
c u l t y  i n  a s ses s ing  t h e  a c t u a l  amount of c a v i t a t i o n  can be apprec ia ted  by compar- 
i ng  t h e  as-pol ished and t h e  etched views. It i s  obvious t h a t  e t ch ing  
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Figure 12. Fracture Surface of Crack Sharing the  Apparent Origin on the  
Surface Under the Punch. 
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Figur 13. Microstructure of Outside Surlclce of Hemisphere D1442 Showing 
a Typical Area (a) and an Area at the Edge of a Coarse-Grained 
Patch (b). 
#5 531- 3 25m 
Figure 14. Coarse-Grained Patch from Piece of ~1600. 
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Figure 15. Cross-Section of Hemisphere D1442 Near the O.D. in the (a) 
Polished, and (b) Polished and Etched Condition. 
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Figure 16. Cross-Section of Hemisphere Dl442 f r m  the Center Region in 
the (a) Polished, and (b) Polished and Etched Condition. 
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Figure 17. Cross-Section of Hemisphere D1442 Near the I.D. in the 
(a) Polished, and (b) Polished and Etched Condition. 
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s i g n i f i c a n t l y  inc reases  t h e  apparent  amount of po ros i ty .  
because t h e  t r i p l e  po in t s  have f i n e  poros i ty  which i s  not  apparent  i n  t h e  
as -pol i shed  condi t ion,  b u t  o the r  f ac to r s  such as higher  r e s i d u a l  s t ress  a t  t h e  
po in t s  of c o n s t r a i n t  t o  g r a i n  boundary s l i d i n g  or impur i ty  accumulation could 
a l s o  con t r ibu te .  Most of t h e  cav i t a t ion  i s  a t  t r i p l e  po in t s  r a t h e r  t han  along 
g r a i n  f a c e s .  Most of t h e s e  c a v i t i e s  were s t i l l  q u i t e  i s o l a t e d  a t  t h i s  s tage ,  
except  a t  t h e  su r face  i n  or near  t h e  coarse gra ined  patches.  
how they  can grow and connect t o  form l a r g e r  cracks i s  shown i n  F igure  18 
taken from a coarse grained region. 
i n  ~1600 exh ib i t ed  s imilar  cav i t a t ion .  
This l i k e l y  occurs 
An example of 
Areas from regions  of high bending s t r a i n  
I n  t h e s e  seve ra l  forg ings ,  t e a r i n g  or cracking has been caused by 
seve ra l  f a c t o r s .  Apex t e a r i n g ,  or even r a p i d  f r a c t u r e  has been f requent  and 
i s  thought t o  be caused by excess ive  s t r a i n  ra te  or s t r a i n  rate f l u c t u a t i o n s  
during t h e  e a r l y  p a r t  of t h e  forgings.  S imi l a r  problems i n  t h e  s k i r t  can a l s o  
be caused by an excess ive ly  sharp  d i e  en t rance  r ad ius .  A second source of 
cracking has come from coarse grained patches i n  t h e  blanks;  t hese  a c t  as 
'hard '  spo t s  and can cause t e a r i n g  i n  t h e  reg ions  of s t r a i n  concent ra t ion  
around them. 
Grain growth on t h e  I . D .  of D1442 apparent ly  r e s u l t e d  from i n t e r a c t i o n  wi th  
t h e  g raph i t e  l u b r i c a n t  used on t h e  punch. This  problem has not  been observed 
when us ing  a BN coa t ing ,  b u t  occasional problems of i n t e r a c t i o n  wi th  BN or 
B20 formation have appeared. By e l imina t ing  t h e s e  s p e c i f i c  problems then  
gra?n boundary c a v i t a t i o n  w i l l  become the  l i m i t i n g  feature; f u r t h e r  optimiza- 
t i o n  of t h e  temperature  s t r a i n  rate schedules w i l l  be r equ i r ed  t o  f u r t h e r  
minimize o r  e l imina te  it. It appears t o  be important t o  achieve smooth load  
applLcat ion t o  prevent  t r a n s i e n t  load o r  s t r a i n  rate increases  which can cause 
crack formation. 
A t  t h e s e  high temperatures t h e r e  a r e  a l s o  chemfcal problems. 
D. High Temperature F rac tu re  
Successful  fo rg ing  of t hese  r a t e - s e n s i t i v e  ceramics r equ i r e s  c a r e f u l  
c o n t r o l  of t h e  app l i ed  loads  t o  achieve t h e  des i r ed  s t r a i n  rates without  
developing stresses high enough t o  cause f r a c t u r e .  However, t o  minimize 
forg ing  times and g r a i n  growth, it i s  d e s i r a b l e  t o  forge  a t  t h e  h ighes t  r a t e s  
poss ib l e  without  i ncu r r ing  f r a c t u r e  or  excess ive  c a v i t a t i o n .  To i n d i c a t e  
a l lowable s t r e s s e s  over t h e  temperature range of i n t e r e s t ,  1400° - 1900°C, 
t h e  r epor t ed  f r a c t u r e  stress versus  temperature da t a  f o r  p o l y c r y s t a l l i n e  
A1203 have been c o l l e c t e d  and are p lo t t ed  i n  F igure  19. 
s t u d i e s  w e r e  conducted a t  temperatures below t h e  present  range of i n t e r e s t ,  
and t h e  concern was p r imar i ly  w i t h  short  t i m e  f r a c t u r e ;  t h e  l i n e s  from 
Spriggs,  Mi tche l l  and Vas i los l3  are t y p i c a l  of t h e s e  r e s u l t s .  I n  order  t o  
supplement t h e s e  d a t a  and t o  f u r t h e r  i nd ica t e  t h e  e f f e c t s  of p l a s t i c  deforma- 
t i o n ,  t h e  d a t a  from t h r e e  previous s tud ie s  of flow s t r e s s - s t r a i n  rate were 
reviewed.l ,  3,14 
e i t h e r  f r a c t u r e  o r  t h e  h ighes t  flow stresses which were achieved i n  specimens 
where f r a c t u r e  d i d  not occur. I n  some cases ,  t hese  h ighes t  stresses were 
w e l l  below t h e  expected f r a c t u r e  s t r e s s .  These d a t a  cover a range of g r a i n  
siz,es f r g m  1 t o  1 5  p and s t r a i n s  a t  f a i l u r e  as high as 3%. The l i n e  marked 
high p u r i t y  r ep resen t s  a s imilar  compilation2 of s h o r t  t i m e  and p l a s t i c  t es t  
r e su l t s  f o r  t h e  1 . 2 ~  high p u r i t y  A1203. The da ta  f o r  C79 were t h e  average 
of s e v e r a l  t e s t s  a t  f a s t  enough s t ra in  rates t o  cause b r i t t l e  f r a c t u r e .  Also 
p l o t t e d  a r e  t h e  h ighes t  f low s t r e s s e s  r epor t ed  by Folwei le r l5  i n  similar stress- 
s t r a i n  ra te  t e s t s  for material of 7 t o  30 )I g r a i n  s i ze ;  f r a c t u r e  was r epor t ed  
Most of t h e  f r a c t u r e  
Most of t hese  da t a  are p l o t t e d  as ind iv idua l  po in t s  i n d i c a t i n g  
-28- 
72299 3OOOX 
Figure 18. Development of crack from growth and connection of t r i p l e  
point and grain boundary cavi t ies ;  i n  large grain region 
near t h e  surface of hemisphere D1442. 
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t o  occur  a t  t h e s e  h ighes t  po in t s  i n  t h i s  s tudy.  
These d a t a  i n d i c a t e  a r a t h e r  broad range of f r a c t u r e  s t r e s s e s  which i s  
not  s u r p r i s i n g  cons ider ing  t h e  range of g r a i n  s i z e s  and s t r a i n s  before  f a i l u r e  
which are included.  A t  high temperature, t h e  f r a c t u r e  behavior can be divided 
i n t o  two broad ca t egor i e s .  
r a p i d  and t h e  f r a c t u r e  sur faces  a r e  b r i t t l e  i n  appearance. This  behavior can 
q u a l i t a t i v e l y  be considered i n  terms of a G r i f f i t h  f r a c t u r e  c r i t e r i o n ,  i n  t h e  
sense t h a t  r a p i d  f r a c t u r e  occurs when the f l a w  s i z e  becomes c r i t i c a l .  Where 
p l a s t i c  flow i s  occurring, t h e  c r i t i c a l  f l a w s  may develop as a r e s u l t  of 
growth of i n t r i n s i c  flaws o r  g r a i n  boundary sepa ra t ion  before  t h e  r a p i d  crack 
propagation s tage .  
A t  s u f f i c i e n t l y  high s t r e s s e s ,  t h e  f r a c t u r e  i s  
A second mode of f r a c t u r e  i s  a l s o  seen where a s i g n i f i c a n t  amount of 
s t a b l e  c rack  growth occurs  by t e a r i n g  during p l a s t i c  deformation. A t  lower 
s t r e s s e s  o r  w h e r e  s t ress  g rad ien t s  a r e  high, t h i s  s t a b l e  growth can be an 
apprec iab le  f r a c t i o n  of t h e  cross-sect ion before  r ap id  f r a c t u r e  occurs.  This  
type  of behavior  w a s  seen i n  t h e  mul t ip le  bend t e s t s  repor ted  l a s t  year  and 
i n  l o c a l  t e a r i n g  seen i n  f 0 r g i n g s . l  
between t h e s e  two modes i s  p a r t i a l l y  q u a l i t a t i v e  s ince  a t  in te rmedia te  rates 
t h e  i n t r i n s i c  f l a w s  may be enlarged by a s m a l l  amount of stable growth. I n  
genera l ,  however, a s i g n i f i c a n t  d i f fe rence  e x i s t s  i n  t h e  f r a c t u r e  sur face  
appearance between t h e  two modes, and s i g n i f i c a n t  p l a s t i c  flow can occur 
concurrent  wi th  t h e  slow crack growth. The stresses a t  which observable 
c racks  developed i n  t h e  mul t ip le  bend t e s t s  repor ted  l a s t  year1 are a l s o  
shown. These r e s u l t s  suggested a s t rong stress-dependence and showed t h a t  
s i g n i f i c a n t l y  higher  s t r a i n  could be obtained a t  lower s t r a i n  rates, w i t h  t h e  
commensurately lower stresses, before  crack growth became s i g n i f i c a n t .  
A t  high temperatures,  t h e  d i s t i n c t i o n  
111. DISCUSSION 
The deformation k i n e t i c s  and mic ros t ruc tu ra l  f e a t u r e s  observed for A1203 
i n d i c a t e  t h a t  s e v e r a l  mechanisms are involved and may inf luence  t h e  l i m i t i n g  
k i n e t i c s  over t h e  range of temperature, s t r a i n  rate, and g ra in  s i z e  i n v e s t i -  
ga ted .  The important f e a t u r e s  which must be considered are: 
1. The s t r a i n  r a t e  s e n s i t i v i t y  of l 5 ~  material i s  near  m = 1, bu t  
as t h e  g ra in  s i z e  decreases,  t h e r e  i s  increas ing  appearance of 
non-Newtonian behavior .  
or perhaps lower a t  low s t r a i n  r a t e s ,  b u t  t h a t  wi th  increas ing  
stresses m approaches uni ty .  This  t r a n s i t i o n  t o  a h igher  r a t e  
s e n s i t i v i t y  a t  high s t r e s s e s  sugges ts  two coupled mechanisms a r e  
involved with t h e  rate l imi t ed  by t h e  slower one. 
A t  l ~ ,  t h e  d a t a  i n d i c a t e s  t h a t  m = 0.5 
2. A s t rong  g r a i n  s i z e  dependence e x i s t s ;  as shown in.Figure 8 
1528OC, t h e  average behavior f i t s  a dependence of E Q C G - ~ . ~ :  
experimental  value would approach 3 a t  lower comparison temperatures 
or would be smaller if t h e  da t a  were ex t r apo la t ed  t o  a higher  compari- 
son temperature.  Fur ther ,  it i s  s e n s i t i v e  t o  t h e  stress s e l e c t e d  
because of t h e  non-Newtonian behavior  of t h e  f i n e  g ra in  material 
which causes a higher  apparent exponent a t  higher  stresses. 
a t  
This  
3. The apparent  a c t i v a t i o n  energy f o r  c reep  shows a dependence on 
g r a i n  s i z e  with a value of 132 Kcal/mol f o r  t h e  1 5 ~  material and 
lower va lues  f o r  t h e  f i n e r  materials. There i s  an  i n d i c a t i o n  t h a t  
t h e  high stress, Newtonian reg ion  has a lower a c t i v a t i o n  energy, 
about 100 Kcal/mol than  does t h e  non-Newtonian, low s t r e s s  reg ion  
where it i s  about 115 Kcal/mol. 
4. A c rys t a l log raph ic  texture  develops i n  compression t o  high s t r a i n s  
wi th  alignment of t h e  c ax i s  p a r a l l e l  t o  t h e  compression d i r e c t i o n .  
This  has been found i n  f i n e  gra ined  materials a t  temperatures  of 
1 3 1 5 O  and 145OoC and low s t r a i n  rates.  For t h e  two specimens a t  
145OoC, t h e  maximum shear  stress, taken  as c / 2 ,  w a s  about 3000 p s i  
during t h e  t e s t s ,  which i s  between t h e  c r i t i c a l  reso lved  shear  s t ress  
f o r  upper and lower y i e l d  f o r  b a s a l  s l i p  i n  sapphire . l6 ,17 
t h e  specimen a t  1315'C, t h e  maximum shear  s t r e s s  decreased from 2050 
t o  1420 p s i  during t h e  creep deformation, which i s  below t h e  CRSS, 
of 2300 ps i ,  f o r  lower y i e ld  for b a s a l  s l i p  of sapphire  a t  t h e  same 
temperature  and s t r a i n  ratel7 and i s  even below t h e  s o - c a l l  d c reep  
y i e l d  value of 2030 p s i  from Wachtman and Maxwell's t e s t s .  '' The 
t e x t u r e  increases  wi th  s t r a i n  being b a r e l y  apparent  a t  16% reduct ion  
and s t rong  by 3876 reduct ion.  Texture  has a l s o  been reported8,g 
coa r se r  grained A 1 2 0 3  a t  higher temperatures, b u t  t h e s e  s t u d i e s  
s t a r t e d  w i t h  f i n e  grained preforms which experienced g r a i n  growth 
and sometimes even r e c r y s t a l l i z a t i o n  during fo rg ing  so it i s  uncer ta in  
whether t h e r e  i s  an  effect  o f  g r a i n  s i z e  on t e x t u r e  formation. 
There i s  extensive mic ros t ruc tu ra l  evidence', 2, 3 for g r a i n  boundary 
s l i d i n g  i n  the  f i n e  grained material. 
o f f se t  t r i p l e  po in ts ,  broad, d i s t o r t e d ,  and sometimes wavy boundaries,  
displacement of g ra ins  out  of t h e  surface, g r a i n  boundary c a v i t a t i o n ,  
and occas iona l  alignment of boundaries f o r  s eve ra l  g ra ins  which 
For 
i n  
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would al low easier  shear .  
such as sur face  s t eps ,  s teps  i n  g r a i n  boundaries,  and low angle  
boundaries.  
d i s l o c a t i o n s ,  and f e w  l a t t i ce  d i s l o c a t i o n s ,  suggest ing t h e  boundaries 
t o  be t h e  p r i n c i p l e  sources and sinks f o r  d i s loca t ions .  
s t r a i n s  t h e r e  i s  some ind ica t ion  of g r a i n  e longat ion .  
There a r e  occas iona l  i nd ica t ions  of s l i p  
Transmission microscopy3 i n d i c a t e s  some g ra in  boundary 
A t  high 
Over t h e  range of g r a i n  s i ze  inves t iga t ed ,  g r a i n  boundary c a v i t a t i o n  
i s  o f t e n  seen, e s p e c i a l l y  a t  t r i p l e  junc t ions .  A t  a given s t r e s s  
and temperature,  t h e  c a v i t a t i o n  inc reases  w i t h  s t r a i n ,  b u t  t h e  over- 
a l l  experience suggests  t h a t  t h e  amount of c a v i t a t i o n  i s  lower a t  
lower s t r e s s e s  or s t r a i n  rates. Void formation i s  less i n  compress- 
i ve  modes where t h e  hydros t a t i c  pressure  i s  higher .  
Over t h e  condi t ions  inves t iga ted ,  a s teady  s ta te  s t ress  appeared 
t o  e x i s t  f o r  cons tan t  s t r a i n  rate condi t ions  and no subs t an t i a t ed  
i n d i c a t i o n  of work hardening w a s  found. S i g n i f i c a n t  i nd ica t ions  of 
apparent  s t r a i n  hardening were always found t o  have been accompanied 
by g r a i n  growth, and t h e  amount of hardening could be reasonably 
w e l l  accounted f o r  by t h e  g ra in  growth. Where g r a i n  growth i s  s l o w ,  
it may be enhanced by t h e  concurrent s t r a i n , l  bu t  a t  higher  temper- 
a t u r e s  it may be r a p i d  enough t h a t  t h e  s t r a i n  enhancement i s  not  
important.  
For t h e  materials t e s t e d ,  l i t t l e  apparent  e f f e c t  on deformation of 
specimen camposition o r  t e s t  atmosphere w a s  found. Most of t h e  
material had 8 MgO which i s  above t h e  s o l u b i l i t y  l i m i t  r e s u l t i n g  
i n  occas iona l  s m a l l  g r a ins  of  sp ine l .  For t h e  IF material, t h e r e  
w a s  no apparent  d i f f e rence  between t h e  doped A1203 and a higher  
p u r i t y  m a t e r i a l  without  MgO. There does, however, appear t o  be an  
increase  i n  fracture s t r eng th  and a reduct ion  i n  t h e  amount or rate 
of c a v i t a t i o n  f o r  t h e  higher p u r i t y  ma te r i a l s .  
The reg ions  of l i n e a r  s t ress  dependence, t h e  s t rong  g r a i n  s i z e  depend- 
ence, and t h e  a c t i v a t i o n  energ ies  near those  f o r  s e l f - d i f f u s i o n  suggest 
d i f f u s i o n a l  c reep  t o  be one of t h e  importa t con t r ibu t ing  mechanisms as has 
been sug e s t e d  by previous inves t iga to r s  .1c,19 It has r e c e n t l y  been suggested 
by Ashbyso and others21”*3 t h a t ,  under some condi t ions ,  d i f f u s i o n a l  c reep  may 
become i n t e r f a c e  r e a c t i o n  l i m i t e d  w i t h  t h e  boundaries no longer  a c t i n g  as 
p e r f e c t  sources o r  s inks  f o r  po in t  defec ts ;  t h i s  would be most l i k e l y  for 
u l t r a f i n e  g r a i n  material where t h e  d i f fus ion  d i s t ances  are small or for any 
condi t ions  which r e s t r i c t  t h e  required atomic 
t h r e s h o l d  chemical p o t e n t i a l  i s  required t o  c r e a t e  or a n n i h i l a t e  po in t  de fec t s ,  
t h e  c reep  would show Bingham behavior.  However, i f  t h e  a n n i h i l a t i o n  and 
c r e a t i o n  of d e f e c t s  involves  climb of boundary d i s l o c a t i o n s  i n  t h e  plane of 
t h e  boundary, t h e  motion of t h e s e  d i s loca t ions  may be s t r e s s  dependent as i f  
l i m i t e d  by a viscous drag. By accounting f o r  t h e  s t r e s s  dependence of d i s loca -  
t i o n  dens i ty ,  a r e l a t i o n  f o r  s t r a i n  r a t e  of t h e  form:*3 
mob i l i t y  a t  boundaries.  If a 
can be obtained where d i s  a numerical cons tan t ;  b, t h e  appropr ia te  Burgers 
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v e c t o r  of t h e  boundary d i s loca t ion ;  M, t h e  d i s l o c a t i o n  mobi l i ty ;  p ,  t h e  shear  
modulus; and d, t h e  g r a i n  s i z e .  This  p red ic t s ,  as expected, t h a t  a t  f i n e  
g r a i n  s i z e s  and low stresses, t h e  i n t e r f a c e  r e a c t i o n  would be l i m i t i n g ,  where- 
a s  under most condi t ions  t h e  creep r a t e  would be given by  t h e  usual  d i f f u s i o n a l  
c reep  r e l a t i o n  : 24 
where L-Lis t h e  i o n i c  volume f o r  t h e  l i m i t i n g  spec ies ;  D,< 
d i f f u s i v i t y ;  and SI+,, t h e  g r a i n  boundary width d i f f u s i v i t y  product.  
, t h e  l a t t i c e  
Seve ra l  c h a r a c t e r i s t i c s  of t h e  deformation can be explained reasonably 
w e l l  assuming a d i f f u s i o n a l  c reep  model i n  which t h e  i n t e r f a c e  r e a c t i o n  becomes 
important  a t  g r a i n  s izes  below about 5~ and a t  lower stresses. The t r a n s i -  
t i o n  i n  t h e  c126c m a t e r i a l  i s  of t h e  proper form f o r  s equen t i a l  combination of 
eqns. ( 5 )  and (6) .  Using t h i s  assumption, t h e  requi red  d i f f u s i v i t i e s  can be 
c a l c u l a t e d  from t h e  s t r e s s - s t r a i n  da t a  using eqn. (6) ;  under t h i s  assumption, 
t h e  da t a  should be taken  from t h e  high s t r e s s  p a r t s  of t h e  curves where t h e  
behavior  i s  approaching m = 1. A s t r e s s  of 20 K s i  was used which g ives  high 
rn values  f o r  t h e  c126c data ,  and allows use of t h e  high p u r i t y  1/-1 da ta  
t h e  15 )x d a t a  without  ex t r apo la t ion .  
and 
The r e su l t s*  are shown i n  Figures  20 and 21 which show Dg and s%, 
r e s p e c t i v e l y .  The ind iv idua l  da t a  points  shown on each graph were ca l cu la t ed  
assuming t h e  s t r a i n  ra te  t o  be e n t i r e l y  a r e s u l t  of e i t h e r  l a t t i c e  o r  boundary 
d i f fus ion , r e spec t ive ly .  
f o r  e i t h e r  t h e  boundary or l a t t i c e  assumption, b u t  a c l o s e r  f i t  r e su l t s  for 
t h e  boundary d i f f u s i o n  assumption. The l i n e s  shown were obtained assuming a 
poss ib l e  con t r ibu t ion  a long  both d i f f u s i o n  pa ths  and then  f i n d i n g  s t r a i g h t  
l i n e  p l o t s  of Dl 
using eqn. (6). 
''+'Is i n  F igure  21, which were obtained by c a l c u l a t i n g  
s u b t r a c t i n g  from t h e  experimental  s t r a i n  rate, and then  c a l c u l a t i n g  t h e  
r e s u l t a n t  r equ i r ed  6 I+,. 
a n t i c i p a t e d  s ince  t h e  expected increase  i n  s t r a i n  rate s e n s i t i v i t y  w a s  no t  
i n d i c a t e d  a t  t h e  h ighes t  s t r e s s e s  t e s t e d  (Figure 2) ,  and so  ex t r apo la t ion  t o  
20 K s i  may over  estimate t h e  actual  s t r a i n  rate. 
more c a v i t a t i o n  a t  t h e  higher  s t r e s s e s  than  t h e  o thers ,  it i s  poss ib l e  t h a t  
t h i s  problem obscurred t h e  expected increase  i n  rate s e n s i t i v i t y .  This  
s l i g h t l y  increases  t h e  a c t i v a t i o n  energy of t h e  6 % l i n e  which would be 
obtained i f  only t h e  1 / u  and 1 5  p mate r i a l s  were considered. 
A s i n g l e  l i n e  does not  f i t  a l l  of t h e  d a t a  po in t s  
and 6 % t o  g ive  the  b e s t  t o t a l  f i t  t o  t h e  s t r a i n  rate da ta  
An i n d i c a t i o n  of t h e  q u a l i t y  of t h e  f i t  can be  seen from t h e  
from t h e  DI l i n e ,  
The C42 da ta  po in t s  give t h e  poores t  f i t ,  as 
Since t h i s  material exh ib i t ed  
These  curves suggest t h a t  boundary d i f f u s i o n  i s  predominant f o r  t h e  
f i n e  g r a i n  materials a t  t h e  low temperatures.  
d i f f u s i o n  would appear t o  be more important, b u t  boundary d i f f u s i o n  appears 
t o  make a n  apprec iab le  con t r ibu t ion  e s p e c i a l l y  a t  t h e  lowest  temperature.  
Comparison wi th  t h e  self  -d i f fus ion  data25, 26 i n d i c a t e s  much b e t t e r  agreement 
wi th  t h e  c a t i o n  l a t t i c e  d i f f u s i v i t y  than wi th  t h e  anion d i f f u s i v i t y .  However, 
t h e  l i n e  i s  nea r ly  a f a c t o r  of 10 higher than  t h e  measured c a t i o n  d i f f u s i v i t y  
and has a somewhat h igher  a c t i v a t i o n  energy. The c a l c u l a t e d  boundary d i f f u -  
s i v i t y  i s  i n  t h e  same range w i t h  other  a v a i l a b l e  ca l cu la t ed  d a t a  from creep27, 
For t h e  l5 ,u  material, l a t t i c e  
~~ 
*A va lue  of fi = 2.12 x 10-23 cm3 w a s  used which proper ly  accounts f o r  ambipolar 
e f f e c t s  on t h e  assumption of c a t i o n  d i f fus ion  as t h e  l i m i t i n g  spec ies .  
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Figure 20. kpparent L a t t i c e  Di f fus iv i ty  Calculated from the Ui f fu - ions1  rreep 
Relat ion.  The ind iv idua l  d a t a  po in t s  are ca l cu la t ed  a:;sutning 
c reep  i s  e n t i r e l y  accounted f o r  by  l a t t i c e  d i f fus ion ;  tke l i r e  i- 
a fit t o  equat ion (6)  assuming both l a t t i c e  and boundary d i f fuc io i  
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Figure  21. Apparer,t Bourdary IWidth-Diffusivity 1:roduct ':a i cu l a t ed  from 
ttle Di f fus iona l  Creep Relatior,.  
- a r e  ca l cu la t ed  assuming t h e  c reep  i : er : t i re ly  accoun1;eiJ for ',,y 
boundary d i f fus ion ;  the l i n e  i:: a f i t  t o  equat ion  ( .  ' 
arsumiiig both l a t t i c e  and bour,dary dif'fu::ion contri.r;tiLe. 
po in t s  p l o t t e d  a s  "+" .ere ot)tair,ed b y  .u i , - t rac t i .  ;;, tlie cai  e l : :  &:,eo 
l a t t i c e  cont r ibu t ion  from the experimental. : : trai .n r a t e  : tlies,-, 
p o i n t s  a r e  omitted a t  lor, temperature,:  ' here t h e  d i f fere: ;c t ,  i ;-  
l ess  t h a n  54. 
' T I E  i nd iv idua l  data  P O :  n +; 
,!!:e 
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s in te r ingp8,  and g r a i n  growth s tud ie s .  29 This  i n t e r p r e t a t i o n  suggests  t h a t  
t h e  aluminum ion  i s  t h e  slower d i f fus ing  spec ies  f o r  a l l  condi t ions  t e s t e d .  
This  i n t e r p r e t a t i o n  r equ i r e s ,  as has been suggested earlied' ,  t h a t  t he  oxygen 
d i f f u s i o n  occurs exc lus ive ly  v i a  t h e  boundaries and i s  fas te r  than  e i t h e r  
aluminum ion, l a t t i c e ,  or boundary d i f f u s i o n  under a l l  condi t ions  of g r a i n  
s i z e  and temperature inves t iga t ed  i n  t h i s  s tudy.  The higher  va lue  of t h e  
apparent  d i f f u s i v i t y  may r e f l e c t  an increase  i n  t h e  ca t ion  l a t t i c e  d i f f u s i o n  
c o e f f i c i e n t  because of t h e  MgO,  as has been suggested by o t h e r s  for d iava len t  
a d d i t i v e s  t o  A12033l; t h i s  would suggest t h a t  t h e  c a t i o n  diffusion i s  enhanced 
by an increased  c a t i o n  i n t e r s t i t i a l  content.  The higher  a c t i v a t i o n  energy 
may then  r e f l e c t  a con t r ibu t ion  from Mg s o l u b i l i t y ,  s ince  t h e  Mg content  i s  
above t h e  s o l u b i l i t y  l i m i t  f o r  a l l  condi t ions.  The s i m i l a r i t y  i n  behavior  
of t h e  c126c and high p u r i t y  ma te r i a l  would seem t o  i n d i c a t e  l i t t l e  a f f e c t  of 
MgO on t h e  c a t i o n  boundary d i f f u s i v i t y ;  however, t h e  boundary d i f f u s i v i t y  
may be con t ro l l ed  by o the r  impur i t ies  common t o  both ma te r i a l s .  
An a l t e r n a t i v e  explana t ion  f o r  t h e  high d i f f u s i v i t i e s  may be t h a t  t h e  
deformation involves  more inhomogeneous s t r a i n  from g r a i n  boundary s l i d i n g  
than  i s  accounted for i n  t h e  c l a s s i c a l  d i f f u s i o n a l  creep models. Recently,  
Ashby and Vera1123 have considered the  p o s s i b i l i t y  of g r a i n  boundary s l i d i n g  
wi th  s i g n i f i c a n t  r e l a t i v e  movement of g ra ins ,  r e s u l t i n g  i n  g ra ins  switching 
t h e i r  neighbors,  b u t  wi th  t h e  necessary g r a i n  shape change accommodated by 
d i f f i i s ion .  
similar t o  t h e  c l a s s i c a l  r e l a t i o n  given i n  eqn. (6), bu t  w i t h  t h e  s t r a i n  r a t e  
about  a f a c t o r  of seven higher  t h a n  predic ted  by t h e  c l a s s i c a l  model. This  
would lower t h e  ca l cu la t ed  l a t t i c e  d i f f u s i v i t i e s  i n t o  t h e  range of measured 
c a t i o n  d i f f u s i o n  da ta ,  and would be cons i s t en t  wi th  t h e  mic ros t ruc tu ra l  
observa t ions  which suggest s i g n i f i c a n t  boundary s l i d i n g .  It m a  a l s o  o f f e r  a 
p a r t i a l  explana t ion  f o r  t h e  f a c t  t h a t  t h e  var ious  s t u d i e s 3 ~ ~ 3 ~ ~ 5 ,  32 of d i f f u s -  
i o n a l  c r eep  i n  A1203 r e s u l t  i n  a range of ca l cu la t ed  d i f f u s i v i t i e s  from near 
t h e  measured ca t ion  d i f f u s i o n  d a t a  t o  about a n  order  magnitude higher .  
Unfortunately,  t h e  condi t ions  under which t h e  two models may apply  are not  
y e t  e n t i r e l y  c l e a r  except  t h a t  it i s  suggested23 t h a t  t h e  inhomogeneous s l i d -  
i ng  behavior  would become preve lan t  a t  higher  s t r a i n s .  
The model p r e d i c t s  a s t r e s s - s t r a i n  ra te  r e l a t i o n  remarkably 
An a l t e r n a t i v e  explana t ion  f o r  d i f f u s i o n a l  c reep  behavior  wi th  mixed 
con t r ibu t ions  from l a t t i c e  and boundary d i f f u s i o n  would be t o  pos tu l a t e  t h a t  
t h e  coa r se r  grained materials are l imi t ed  by oxygen boundary d i f f u s i o n  and 
t h e  f i n e r  materials by c a t i o n  l a t t i c e  d i f f u s i o n  wi th  no con t r ibu t ion  from 
boundary c a t i o n  d i f fus ion .  An attempt t o  f i t  t h e  d a t a  i n  F igures  20 and 21 t o  
t h i s  model does not  give as good a f i t  as does t h e  c a t i o n  boundary hypothesis ;  
t h e  p ro j ec t ed  l a t t i c e  d i f f u s i v i t y  would be about another  f a c t o r  of t h r e e  
h igher  a t  t h e  high temperatures,  b u t  with a much lower a c t i v a t i o n  energy. 
Fur ther ,  t h e  oxygen boundary d i f f u s i v i t y  would have an  a c t i v a t i o n  energy of 
130-140 Kcal/mol which seems t o o  high. 
w i t h  e a r l i e r  studies16,1g i n  which the  g r a i n  s i z e  dependence w a s  c l o s e r  t o  
G-2 for g r a i n  sizes of 5 t o  30 u. A s  a r e s u l t ,  t h e  hypothesis of boundary 
enhanced c a t i o n  d i f f u s i o n  a t  f i n e  g ra in  s i z e s  wi th  t h e  i n d i c a t i o n  t h a t  oxygen 
d i f f u s i o n  becomes l i m i t i n g  a t  g r a i n  s i zes  coa r se r  t han  those  measured here  
seems more reasonable .  
This  hypothesis  i s  also i n c o n s i s t e n t  
This  model expla ins  t h e  non-Newtonian behavior  of t h e  f i n e  g r a i n  m a t e r i a l  
as i n t e r f a c e  con t ro l .  It would not  be s u r p r i s i n g  then  f o r  t h e  a c t i v a t i o n  
energy i n  t h i s  reg ion  t o  be d i f f e r e n t  t han  t h a t  f o r  t h e  d i f f u s i o n  con t ro l l ed  
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reg ion  a s  suggested by t h e  c126c data. This  a c t i v a t i o n  energy would be 
c h a r a c t e r i s t i c  of t h e  non-conservative motion of boundary d i s loca t ion3  . 
boundary s l i d i n g  and po in t  de fec t  emission and a n n i h i l a t i o n  are c u r r e n t l y  
Considered t o  occur by  motion of d i s loca t ions  i n  t h e  boundary33, 39 
a simple model f o r  boundary v iscos i ty33  sugges ts  t h a t  t h e  s l i d i n g ,  p e r  re ,  
shovld not be l i m i t i n g ,  t h e  understanding of t h e s e  phenomena, e s p e c i a l l y  i n  
ceramics, i s  no t  y e t  s u f f i c i e n t l y  good t o  a l low q u a n t i t a t i v e  mechanis t ic  
a n a l y s i s  of t h e  non-Newtonian regions.  The s t r a i n  r a t e  dependence of m = 0.5 
for the c126c material a t  low rates i s  c o n s i s t e n t  w i t h  t h e  p red ic t ions  of 
eqn. ( 5 ) ;  however, d i r e c t  comparison of t h e  g r a i n  s i z e  dependence between t h e  
11-1 and 3 materials i n  t h e  non-Newtonian reg ion  gives  € X G ' * - 9  which i s  not 
c o n s i s t e n t  wi th  t h e  p red ic t ion  of eqn. ( 5 ) .  
Both 
Although 
The major observat ion which t h e  model of ca t ion  l i m i t e d  d i f f u s i o n a l  
c reep  wi th  i n t e r f a c e  c o n t r o l  a t  f i n e  g ra in  s i z e s  does not  exp la in  i s  t h e  develop- 
m e n t  of c rys t a l log raph ic  t e x t u r e  and the  importance of s l i p .  The c l a s s i c a l  
d i f f u s i o n a l  creep model p r e d i c t s  uniform s t r a i n  of each g ra in  and l i t t l e ,  if 
any, change i n  t e x t u r e .  The inhomogeneous s l i d i n g  model p r e d i c t s  s i g n i f i c a n t  
r o t a t i o n  of i nd iv idua l  g ra ins  which would randomize any i n i t i a l  t e x t u r e .  
Fu r the r ,  observa t ions  on deformed sUPerPlastic a l loys ,  gene ra l ly  considered 
t o  involve 3 i g n i f i c a n t  g r a i n  boundary s l i d i n g ,  have shown li t l e  t e x t u r a l  
development 5 and even randomization of a n  i n i t i a l  t e ~ t u r e . 3 ~  The observed 
formation of t e x t u r e ,  even a t  l o w  s t r a i n  rates i n  t h e  non-Newtonian reg ions ,  
i n d i c a t e s  t h a t  t h e r e  i s  some s l i p  occurr ing i n  t h e  deformation of f i n e  grained 
A1203 ;  t h e  low d i s l o c a t i o n  d e n s i t i e s  observed i n  t ransmiss ion  e l e c t r o n  
microscopy3 i n d i c a t e  t h a t  t h e  boundaries a c t  as sources and s inks  f o r  d i s loca -  
t i o n s  and t h a t  f e w  are t rapped  wi th in  g ra ins .  The s i g n i f i c a n t  d i f f e r e n c e  i n  
ease  of a c t i v a t i o n  of b a s a l  and non-basal s l i p  systems, makes t e x t u r e  a 
probable r e s u l t  i f  t h e r e  i s  a s l i p  cont r ibu t ion .  
One poss ib l e  explana t ion  i s  t h a t  s l i p  occurs on any g ra ins  which are 
s u i t a b l y  or ien ted ,  e s p e c i a l l y  where it can provide re l ie f  of stress concentra- 
t i o n s  from boundary s l i d i n g .  If most of t h e  s l i p  i s  r e s t r i c t e d  t o  b a s a l  
systems, t h e n  d i f f u s i o n  c reep  would have t o  provide shape change a s  an  
a l t e r n a t i v e  t o  non-basal s l i p  t o  s a t i s f y  t h e  von Mises condi t ion.  
case,  t h e  k i n e t i c s  may s t i l l  be l imi t ed  by  t h e  presumably slower d i f f u s i o n a l  
creep. If t h e  s t r a i n  con t r ibu t ion  from s l i p  changes slowly wi th  s t ress  and 
g r a i n  Fize,  it would r e s u l t  i n  only  a minor e f f e c t  on t h e  observed stress- 
s t r a i n  r a t e - g r a i n  s i z e  dependences, except perhaps t o  increase  t h e  s t r a i n  r a t e  
by n e a r l y  a cons tan t  f a c t o r  over t h a t  p red ic t ed  by t h e  d i f f u s i o n a l  creep 
equat ion.  This  s i t u a t i o n  would expla in  t h e  development of t ex tu re ,  bu t  leave  
t h e  above arguments concerning ca t ion  con t ro l l ed  d i f f u s i o n a l  c reep  i n  t a c t .  
I n  t h i s  
An a l t e r n a t i v e  view i s  t o  suppose t h a t  t h e  non-Newtonian behavior  a t  
f i n e  g r a i n  s i z e s  i s  a r e s u l t  of an increas ing  con t r ibu t ion  of s l i p  wi th  inc reas ing  
s t r e s s .  
b u t  as s t ress  i s  increased,  b a s a l  s l i p  becomes poss ib l e  i n  some g ra ins  with 
t h e  number of g ra ins  i n  which it occurs inc reas ing  with s t ress  g iv ing  a 
range of non-Newtonian behavior .  The r e t u r n  t o  Newtonian behavior  a t  high 
s t r e s s  would r e s u l t  from t h e  need f o r  d i f f u s i o n a l  c reep  t o  s a t i s f y  t h e  von 
Mises cond i t ion  i n  t h e  absence of s i g n i f i c a n t  nop-basal s l i p .  Since t h e  
s i g n i f i c a n t  reg ions  of non-Newtonian behavior a r e  not  seen f o r  t h e  coa r se r  
Then a t  very  low s t r e s s e s ,  deformation would be pure ly  d i f f u s i o n a l ,  
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gra ined  m a t e r i a l s  it would be assumed t h a t  t h e  s l i p  con t r ibu t ion  doec not  
becme  s i g n i f i c a n t  presumably because of t h e  g r e a t e r  chance of i n t r a g r a n u l a r  
d i s l o c a t i o n  i n t e r a c t i o n s  which would prevent easy  escape , to t h e  boundaries.  
If t h i s  occurs,  t hen  s t r a i n  rate dependence g r e a t e r  thanEr4G-2 would be i n  
p a r t  a r e s u l t  of t h e  increased  cont r ibu t ion  of s l i p  a t  f i n e  g r a i n  s i zes  and 
so  sepa ra t ion  of t h e  l a t t i c e  and boundary d i f f u s i o n  cont r ibu t ions  would be 
more approximate. This  a l t e r n a t i v e  seems less  p l aus ib l e ,  however, s ince  high 
temperature  forgings89 9 of coarser  grained m a t e r i a l s  have shown s i g n i f i c a n t  
development of t e x t u r e  and a l s o  r e c r y s t a l l i z a t i o n  which i n d i c a t e s  high i n t e r n a l  
s t r a i n s  from d i s l o c a t i o n  i n t e r a c t i o n s .  
Curren t ly ,  t h e r e  i s  s t i l l  i n s u f f i c i e n t  d a t a  t o  i n d i c a t e  t h e  exac t  r o l e  
of s l i p  and t h e  mechanisms of t e x t u r e  development. Fu r the r  q u a n t i t a t i v e  
determinat ions of t h e  rate of t e x t u r a l  development over a range of s t r e s s e s  
and g r a i n  s izes  would be he lpfu l  i n  reso lv ing  t h i s  problem. Whatever t h e  
exac t  r o l e  of s l i p ,  it i s  l i k e l y  t h a t  t h e  s l i d i n g  boundaries are important i n  
d i s l o c a t i o n  genera t ion ,  and t h a t  it w i l l  be most important i n  r e l i e v i n g  t h e  
high l o c a l  s t ress  concent ra t ions  caused by boundary s l i d i n g .  However, t h e  
s i m i l a r i t y  i n  t h e  c reep  k i n e t i c s  wi th  t h e  d i f f u s i o n  c reep  models i n d i c a t e s  
t h a t  d i f fus ion  a l s o  plays an important p a r t  i n  t h e  accommodation process .  
F r m  a p r a c t i c a l  cons idera t ion ,  f u r t h e r  r e s o l u t i o n  of t h e  cu r ren t  u n c e r t a i n t i e s  
i s  important i n  order  t o  know whether t h e  p red ic t ions  of t h e  d i f f u s i o n a l  c reep  
model provide an upper or a lower bound t o  t h e  deformation behavior  of f i n e  
gra ined  A1203.  
The appearance and growth of c a v i t i e s  dur ing  deformation i s  not  unexpect- 
ed w h e r e  apprec iab le  g r a i n  boundary s l i d i n g  occurs.  Cav i t i e s  w i l l  form where 
t h e  s t ress  concent ra t ions  are t o o  high t o  be r e l i e v e d  by d i f f u s i o n  or s l i p  and 
may cont inue t o  grow by poin t  de fec t  d i f fus ion .  
Newtonian behavior  a t  high s t r e s s e s  f o r  t h e  l p  material and t h e  f a c t  t h a t  
t h e r e  may be worse c a v i t a t i o n  i n  coarser  materials which have higher  rate 
s e n s i t i v i t i e s  i n d i c a t e s  t h a t  t h e  non-Newtonian behavior  i n  A1203 or o the r  
ceramics cannot be a t t r i b u t e d  only t o  c a v i t a t i o n .  Fur ther ,  t h e  f i n e  grained 
materials can be deformed t o  high s t r a i n s  under appropr ia te  condi t ions  without  
l o s s  of d e n s i t y  i n d i c a t i n g  t h a t  c a v i t a t i o n  i s  only  a poss ib le  r e s u l t ,  b u t  no t  
a necessary  consequence of g ra in  boundary s l i d i n g .  
where t h e r e  i s  se r ious  cav i t a t ion ,  it may cause lower flow stresses and 
apparent  rate s e n s i t i v i t i e s  t han  would otherwise be observed. The higher  
f r a c t u r e  s t r eng ths  of higher  p u r i t y  mater ia l s  under condi t ions  where p l a s t i c  
flow i s  occurr ing may r e s u l t  i n  p a r t  from a reduct ion  of t h e  s c a t t e r e d  de fec t s  
which inf luence  f r a c t u r e ,  bu t  have l i t t l e  inf luence  on t h e  gene ra l  deformation 
behavior;  i n  addi t ion ,  lower rates of c a v i t a t i o n  may a l s o  r e s u l t  from s t ronge r  
boundaries or poss ib ly  from higher  mobi l i ty  of g r a i n  boundaries a l lowing 
reduct ion  of high s t r e s s  concentrat ions.  
However, t h e  r e t u r n  t o  
O f  course,  under condi t ions  
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IV . SUMMARY AND CONCLUSIONS 
1. Studies  of t h e  high temperature deformation behavior  of po lyc rye ta l l i ne  
A 1 2 0 3  + 8 MgO wi th  g ra in  s i zes  from 1-15 u were accomplished using 
cons tan t  ra te  f l e x u r e  t e s t s .  Tests of a 1 p m a t e r i a l  between 1192 - 
1418'~ revea led  an  apparent  t r a n s i t i o n  i n  behavior,  cha rac t e r i zed  
by a s t r a i n  rate s e n s i t i v i t y  of 0.5 a t  law s t r a i n  rates and a 
s h i f t  t o  ra te  s e n s i t i v i t i e s  approaching uni ty  a t  high stresses. 
Comparison with a v a i l a b l e  data  f o r  a higher  p u r i t y  undoped grade of 
A1203 revea led  e s s e n t i a l l y  similar behavior  wi th  no e f f e c t  of t h e  MgO 
on deformation behavior  i n  the  high rate s e n s i t i v i t y  range where 
comparative d a t a  e x i s t .  
specimens revea led  no s i g n i f i c a n t  e f f e c t  of atmosphere between a i r  
and argon on t h e  s t r a i n  rate. F i n a l l y ,  a n  extended air annea l  t o  
remove poss ib l e  carbonaceous o r  o the r  gaseous impur i t i e s  remaining 
from hot  pressing,  had no e f f e c t  on flow stresses.  
Further ,  comparative t e s t s  on 1 u and 15 )I 
2. Determinations of c rys t a l log raph ic  t e x t u r e  i n  compression t e s t e d  
samples of 1 p material confirmed t h a t  a p re fe r r ed  o r i en ta t ion ,  
wi th  t h e  c -ax is  p a r a l l e l  t o  the s t ress  axes,  develops i n  specimens 
deformed a t  temperatures  as low as 1 3 1 5 O C  a t  low stresses. 
taken  as a n  i n d i c a t i o n  of a cont r ibu t ion  of d i s l o c a t i o n  s l i p  t o  
t h e  deformation. 
This  i s  
3. The form of t h e  t r a n s i t i o n  ind ica t e s  a s h i f t  i n  c o n t r o l  between two 
dependent deformation mechanisms. Comparison of t h e  s t r e s s - s t r a i n  
r a t e - g r a i n  s i z e  dependencies i n  t h e  high rate s e n s i t i v i t y  range 
i n d i c a t e  t h a t  d i f f u s i o n a l  creep ( d i f f u s i o n  accommodated g r a i n  boundary 
s l i d i n g )  i s  one of t h e  cont r ibu t ing  deformation mechanisms. 
d i f f u s i o n  c o e f f i c i e n t s  ind ica ted  t h a t  t h e  process i s  con t ro l l ed  by 
c a t i o n  boundary d i f f u s i o n  f o r  t h e  f i n e  g r a i n  material e s p e c i a l l y  a t  
low temperatures .  A t  h igher  temperatures  and f o r  t h e  coarser  g r a i n  
s izes ,  c a t i o n  l a t t i c e  d i f fus ion  makes an  inc reas ing  cont r ibu t ion .  
The ca l cu la t ed  d i f f u s i v i t i e s  a r e  higher  t han  t h e  measured se l f -  
d i f f u s i v i t i e s  and poss ib l e  cont r ibu t ions  of doping enhancement of 
d i f fus ion ,  increased  deformation from inhomogeneous boundary s l i d i n g ,  
and s l i p  con t r ibu t ions  are discussed.  The poss ib l e  c o n t r o l l i n g  
mechanisms i n  t h e  low rate s e n s i t i v i t y  reg ion  inc luding  i n t e r f a c e  
con t ro l  r e s u l t i n g  from imperfect po in t  de fec t  sources and sinks and 
s l i p  con t r ibu t ions  are discussed. 
Calcu la ted  
4. Addi t iona l  a t tempts  t o  deep draw hemispheres from blanks of A1203 
were hindered by e a r l y  cracking, appa ren t ly  providing an  i n d i c a t i o n  
of t h e  need f o r  good load and s t r a i n  rate con t ro l  i n  forg ing  ceramics.  
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APPENDIX 
An a n a l y s i s  was presented previously’ i n  which the  e f f e c t ?  on the 
bending moment of ho r i zon ta l  loads a t  t h e  support  po in t s  were t r e a t e d  f o r  
p l a s t i c  bending. 
moment i n  t h e  gauge s e c t i o n  i s  given by: 
For  a f l a t  specimen i n  f o u r  poin t  loading, t h e  bending 
where  P i s  t h e  t o t a l  appl ied  load and a i s  t h e  moment arm. 
bending, t he  d e f l e c t i o n s  can be s i g n i f i c a n t  even for r e l a t i v e l y  sho r t  beam:: 
and t h e  ho r i zon ta l  l oad  components mus t  be considered. 
c o r r e c t i o n  t o  t h e  bending moment i n  t h e  gauge s e c t i o n  i s  given by: 
For p l a s t i c  
I n  t h i s  case,  t he  
(;I L, X L  ‘L/a->i, 
where t h e  r e l e v a n t  geometry i s  defined i n  F igure  A 1  and 
of f r i c t i o n  between t h e  load  supports and t h e  specimen. 
e x i s t s  f o r  t h e  moment i n  t h e  moment arm regions: 
i s  t h e  c o e f f i c i e n t  
A similar co r rec t ion  
where t h i s  region: M, =‘.(y&-*) 
;L 
Applying these co r rec t ions  f o r  p l a s t i c  bending r equ i r e s  determinat ion of 
y, q, , and 92, f o r  a l l  X, s i nce  they  w i l l  be a f f e c t e d  by t h e  c o n s t i t u i t i v e  
r e l a t i o n  of t h e  material and b y p .  Determination of t h e s e  q u a n t i t i e s  
cont inuously during high temperature tests would be d i f f i c u l t  and w a s  not  
a t tempted during t h i s  work. Further ,  unce r t a in ty  about t h e  va lue  of p, a l e o  
makes q u a n t i t a t i v e  co r rec t ion  d i f f i c u l t  s ince  it s i g n i f i c a n t l y  affects t h e  
r e s u l t s .  Huwever, f o r  probable values of t h e  c o e f f i c i e n t  of f r i c t i o n ,  t h i s  
e f f e c t  could account f o r  sane of the non- l inea r i ty  i n  t h e  CT - e curves of 
t h e  c126c material and should be q u a l i t a t i v e l y  considered. 
The d i f f i c u l t y  arises because t h e  s t r a i n  r equ i r ed  t o  achieve s teady-  
s t a t e  i n  t h e  bend t e s t s  increases  with t h e  s t r a ’ n  rate and s t ress  and so  a 
sys temat ic  e r r o r  can be introduced i n  t h e  6 - B p l o t s  i n  which t h e  g rea t -  
e s t  e r r o r  from l a r g e  curvature occurs a t  t h e  h ighes t  r a t e s .  
magnitude of t h e  effect  a series of M/Ms curves versus  ou te r  f i b e r  s t r a i n  
were ca l cu la t ed  f o r  s e v e r a l  values  o f p .  
c o r r e c t i o n  i s  simply a func t ion  of t h e  specimen geometry. An approximate se t  
of y, \3,, and 2 values  were ca lcu la ted  from t h e  l i n e a r  e l a s t i c  d e f l e c t i o n  
r e l a t i o n ;  t h i s  g ives  a reasonable  approximation t o  specimen geometry for 
h igh ly  rate s e n s i t i v e  materials. 
t h e  M/Ms r a t i o s  shown i n  Figure A2, which are f o r  t h e  cen te r  of t h e  gauge 
l eng th .  
seen from t h e  ind iv idua l  po in t s  a t  4.5% s t r a i n ,  which were ca l cu la t ed  on t h e  
To i n d i c a t e  t h e  
If u i s  independent of load, t h e  
These values  were then  used t o  c a l c u l a t e  
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Figure  A l .  Schematic of Curved Bend Bar Showing Relevant Geometry; 
Resolut ion of t h e  forces  a t  t h e  i n n e r  and ou te r  supports 
i s  a l s o  shown. 
._ 
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b a s i s  of t h e  measured f i n a l  geometry of a c126c bend specimen’; e s p e c i a l l y  
a t  in te rmedia te  va lues  o f p ,  t h e r e  i s  l i t t l e  e r r o r .  The e r r o r s  a r i r e  cince 
t h e  bending i n  t h e  moment arm i s  l e s s  f o r  non-Newtonian, i .e . ,  m * 1, 
p l a s t i c  bending, and because t h e  co r rec t ion  f o r  t h e  ho r i zon ta l  loads  i s  n o t  
uniform along t h e  ba r .  This can a l s o  cause t h e  moment i n  t h e  gauge cec t ion  
t o  become non-uniform. For comparison, t h e  moment, ca l cu la t ed  on t h e  same 
set of assumptions, a t  t h e  end of t h e  gauge s e c t i o n  i s  shown i n  Figure A3. 
For smallp,  t h e  moment i s  nea r ly  uniform ac ross  t h e  gauge length,  bu t  for 
l a r g e r  values  o f y ,  t h e  moment w i l l  be lower i n  t h e  c e n t e r  than  near  t h e  
inne r  l oad  supports .  
For  t h e  t es t s  i n  argon, 0.005 inch tungs ten  f o i l  spacers  were 
g e n e r a l l y  used between t h e  specimen and kn i f e  edges t o  reduce kn i f e  edge 
abras ion .  For  t h e  a i r  t e s t s ,  platinum proved t o  be t o o  s o f t  and, t he re fo re ,  
no spacers  were used between t h e  specimen and t h e  coarse  grained A1203 k n i f e  
edges. A t  t h e  t e s t  temperatures,  no s i g n i f i c a n t  contaminating f i l m s  which 
would provide lower f r i c t i o n  would be expected t o  remain and the re fo re  very 
low va lues  of u would be unl ike ly .  By consider ing t h e  c o e f f i c i e n t s  of 
f r i c t i o n  repor ted  f o r  sapphire  a t  l o w  temperature  and f o r  t h e  hcp metals  
( s i n c e  A1203 i s  hexagonal and an i so t rop ic ) ,  va lues  of u from 0.2 up t o  0 .7  
would seem p laus ib l e .  
i n  t h e  c126c t e s t s  w e r e  gene ra l ly  l imi ted  t o  about 3% or less. 
I n  a n t i c i p a t i o n  of t h i s  problem, t h e  t o t a l  s t r a i n s  
If p were as high as 0.7, then  by t h e  end of a t e s t  t h e  stress 
va lues  ca l cu la t ed  from t h e  simple moments could be t o o  high by as much as 
25%; if p were only 0.2%, t h e  e r r o r  would be less  than  1%. Comparison of 
t h e  i n d i v i d u a l  d a t a  po in t s  suggested t h a t  some of t h e  s c a t t e r  could be 
accounted f o r  by  ho r i zon ta l  load e f f e c t s  and f u r t h e r  suggested some va r i a -  
t i o n  i n p  occurs .from t e s t  t o  t e s t .  much i n  excess of 0.7, 
t h e  n e t  axial  f o r c e  becomes appreciable;  t h i s  combined w i t h  t h e  v a r i a t i o n  of 
moment wi th in  t h e  gauge sec t ion ,  would cause t h e  specimen t o  e x h i b i t  a 
s i g n i f i c a n t  dev ia t ion  from uniform bending. 
and so t h i s  seems a l i k e l y  upper bound c n p .  
For  values  of ).I 
Such behavior  w a s  not  observed 
Although it could be argued t h a t  t h e  inc rease  i n  rate s e n s i t i v i t y  
observed f o r  t h e  c126c ma te r i a l  was e n t i r e l y  an  a r t i f a c t  caused by t h e  
cu rva tu re  e f f e c t  on t h e  moment, t h i s  seems un l ike ly  f o r  two reasons.  
F i r s t ,  unreasonably high values  of /u would be necessary t o  account f o r  t h e  
e n t i r e  e f f e c t ;  secondly, t e s t s  on coarser  gra ined  ma te r i a l s ,  wi th  m near  
un i ty ,  have been run  t o  l a r g e  s t r a i n  values ,  over a comparable stress range, 
wi thout  apprec iab le  changes i n  t h e  apparent  rate s e n s i t i v i t y .  

